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Executive summary
The Zhongzhai section, as a unique representative Permian–Triassic boundary (PTB) 
section for the shallow marine clastic-shelf facies in South China, has yielded an abundant 
brachiopod fauna that differs significantly from other PTB brachiopod faunas in shallow-
water carbonate platform or deep-water siliciclastic facies of South China. In addition to the 
brachiopods, this section has also produced a new, modest conodont critical for the 
confirmation of the Permian–Triassic boundary (PTB) at this section. Thus, the primary focus 
of this thesis is to provide a systematic palaeontological study of the brachiopod and 
conodont faunas of the Zhongzhai PTB section and discuss their biostratigraphical 
significance.
The new Zhongzhai PTB conodont fauna, as reported here, comprises five identified 
species and two undetermined species in Hindeodus and Clarkina. Significantly, the first 
local occurrence of Hindeodus parvus at the Zhongzhai section has been found 18cm lower 
than the currently accepted PTB defined by multiple lines of evidence including conodont 
and ammonoid biostratigraphy, carbon isotope stratigraphy and U–Pb geochronology.
Fifty-six brachiopod species (including ten new species, ten undetermined species and 
three comparative species) have been systematically described, for the first time, from the 
exceptionally well-preserved and diverse Zhongzhai brachiopod fauna. This fauna is regarded 
of latest Changhsingian age by reference to its associated ammonoid fauna and stratigraphic 
relationship with the PTB. This is the first systematic palaeontological study of a diverse 
latest Changhsingian brachiopod fauna representing the shallow-water clastic-shelf facies 
anywhere in South China. In addition, several important, previously unclear or confused 
morphologic terms (e.g., hinge spines, tubes) have been reviewed and clarified, along with 
the first-time English descriptions of several endemic South China Orbiculoidea species. 
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The systematic documentation of the shallow-water clastic-shelf facies brachiopod fauna 
from the Zhongzhai section has also enabled us to review and update the previously 
recognised Changhsingian brachiopod assemblages in South China. Based on this review, we 
propose that the Neochonetes–Tethyochonetes Assemblage, Spinomarginifera–Peltichia–
Oldhamina Assemblage and Tethyochonetes–Paracrurithyris–Paryphella Assemblage be 
established to respectively represent the shallow-water clastic-shelf facies, shallow-water 
carbonate platform facies and deep-water siliciclastic facies in South China.
Based on a rigorous bed-by-bed statistical analysis by using the likelihood ratio test, this 
thesis has determined the main brachiopod extinction horizon of the Zhongzhai section to lie 
between Beds 27 and 28. Additionally, we compared the temporal patterns of brachiopod 
extinctions of the Zhongzhai section with five key PTB sections of varying depositional 
water depths in South China, and found that the end-Permian (or latest Changhsingian) 
brachiopod extinction occurred earlier in deep-water sections as well as in the Zhongzhai 
section, than those in the shallow-water carbonate sections. The earlier occurrence of 
‘Oxygen Minimum Zone’ in the medium water depths (where deep-water sections were 
located) and food shortage experienced in deep-water sections and also in the Zhongzhai 
section are proposed to explain the differential timings of the end-Permian brachiopod 
extinction extinctions in South China.
This thesis has also undertaken a detailed analysis of brachiopod dominance and body size 
changes throughout the Zhongzhai section, and found that (1) Neochonetes is most dominant 
in the lower part of the section whilst Tethyochonetes is the dominant genus in the uppermost 
Permian; (2) only Lingulidae brachiopods exist in the post-extinction lowest Triassic; (3) pre-
extinction dwarfing is evident for at least the rugosochonetid species chosen for this study; (4) 
Tethyochonetes species reduced size earlier than that in the Neochonetes species; and (5) no 
significant size reduction occurs in the new species of these two genera. Inter-species 
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competition for resources between Neochonetes species and Tethyochonetes species and the 
reduction of food supply in the upper part of the uppermost Permian has been invoked to 
interpret these observed stratigraphic patterns of brachiopod body-size changes throughout 
the Zhongzhai section. In the case of the new species showing no significant body-size 
change, morphological innovations (adaptations) in the process of speciation is considered to 
have significantly enhanced these new species’ flexibility in coping with degrading 
environmental conditions.
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Chapter 1. Introduction 
 
1.1 The end-Permian mass extinction 
The end-Permian mass extinction is the largest of its kind in Earth’s Phanerozoic history, 
marked by over 90% of all marine species and severe influence on terrestrial species     
  
Figure 1.1. Number of marine animal families in the Phanerozoic history (the red arrows 
indicate the five mass extinctions: end-Ordovician, Late Devonian, end-Permian, end-Triassic 
and end-Cretaceous) (redrawn from Sepkoski 1984). 
 
(Figure 1.1) (Sepkoski 1981, Yin et al. 1984, Erwin 1993, 1994, Retallack 1995, Jin et al. 
2000, Xiong & Wang 2011). This was an epic event in the history life! Scientific 
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investigation into this ancient catastrophic event has become one of the core research topics 
in modern geology. A considerable and still expanding body of literatures have been 
published on the mass extinction in the last few decades (e.g., Yin et al. 1984, 2000, 2012, Li 
et al. 1986b, Yang et al. 1987, Sweet et al. 1992, Erwin 1995, Hallam & Wignall 1997, Shang 
& Jin 1997, Wang et al. 1997, Wang 1998, Shi et al. 1999, Jin et al. 2000, Metcalfe et al. 
2001, Twitchett et al. 2001, Rong & Shen 2002, Shen & Shi 2002, Rong & Fang 2004, Shen 
et al. 2011, Li et al. 2013, Song et al. 2013, Burgess et al. 2014, Huang et al. 2014b, Wang et 
al. 2014), this list is not meant to be exhaustive, but only a sample of the vast amount of 
literatures on this topic). However, there are still many questions concerning this profound 
extinction event. For example, debate still rages over whether or not the extinction was in a 
single episode or unfolded through multi-episodes (Erwin 1993, Yang et al. 1991, Jin et al. 
1994, 2000, Becker et al. 2001, Xie et al. 2005, Yin et al. 2007, 2012, Algeo et al. 2012, 
Song et al. 2013), or was it synchronous across different latitudes and environments (Wignall 
& Newton 2003, Shen et al. 2011, Algeo et al. 2012)? In parallel, our understanding of the 
cause(s) of the mass extinction remains equally elusive, although some leading causes 
(drivers) having been proposed (e.g., global warming, ocean anoxia, ocean acidification, 
eutrophication) (Chai et al. 1986, Zhou et al. 1986, Yin et al. 1989, 2012, Erwin 1993, 
Isozaki 1997, Jin et al. 2000, Twitchett et al. 2001, Sheldon & Retallack 2002, Basu et al. 
2003, Kiehl & Shields 2005, Xie et al. 2007, Cao et al. 2009, Algeo et al. 2011, Brennecka et 
al. 2011, Brand et al. 2012, Joachimski et al. 2012, Sun et al. 2012, Winguth & Winguth 
2012). 
China is one of the few countries in the world where not only excellent Permian–Triassic 
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boundary (PTB) sections have been discovered but also extensive researches have been 
undertaken and published in recent years. In particular, numerous apparently continuous PTB 
marine sections have been found in South China, spanning a continuum of depositional 
environments from shallow marine to deep water settings (Yang et al. 1987, Feng et al. 
1997). Brachiopods are among the most diverse and abundant marine invertebrate fossils   
 
Figure 1.2. Localions of the Zhongzhai PTB and Meishan GSSP PTB sections in South 
China (indicated by stars). 
 
found throughout many of these PTB sections, with 420 species in 143 genera so far recorded 
from South China (Chen et al. 2005). It has been estimated that more than 85% of brachiopod 
genera and more than 93% of species became extinct during the end-Permian mass extinction 
in South China (Yang et al. 1987, Shen & Shi 1996). However, to date most of the published 
systematic studies on these brachiopod faunas have been focused on materials from near-
shore carbonate platform sections (Jin & Hu 1978, Liao 1984, Liao & Meng 1986, Shen et al. 
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1992, Shen & He 1994a, Xu & Grant 1994, Zeng et al. 1995, Chen & Liao 2007), with only a 
few publications devoted to brachiopod faunas from offshore clastic rock sections (Hou et al. 
1979, Liao 1980a, Zhu 1990, Shen et al. 1995). This thesis is, therefore, significant in that it 
documents, for the first time in a systematic manner, an abundant, well-preserved brachiopod 
fauna, as well as some new key PTB conodont discoveries, from a nearshore clastic facies-
dominated PTB section (known as the Zhongzhai section) near the Town of Zhongzhai in 
southwest China (Figure 1.2). As such, the Zhongzhai section and its fauna provide excellent 
materials for a deeper understanding of the extinction patterns of the PTB brachiopod and 
associated faunas in shallow-water clastic-dominated depositional environments. 
 
1.2 Materials and methods 
1.2.1 Materials 
During four field trips (in 2009, 2012 and 2013) to the Zhongzhai section, more than 
10,000 brachiopod specimens and 82 conodont samples (3–5 kg per sample) were 
systematically collected from this section. All the specimens figured in this thesis are 
preserved in the Micropaleontology Laboratory, Faculty of Earth Sciences, China University 
of Geosciences (Wuhan, China), with prefixes LZ–C for conodont specimens and LZ for 
brachiopod specimens (Zhongzhai section in Liuzhi County and C for conodont fossils). The 
only exceptional to this is the single conodont specimen provided by Mr Yuan Dong-xun to 
this research is housed in the Nanjing Institute of Geology and Palaeontology (Nanjing, 
China), which is registered with NIGP159237. 
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1.2.2 Methods 
All conodont samples were corroded by 10% solution of acetic acid in the State Key 
Laboratory of Biogeology and Environmental Geology (China University of Geosciences, 
Wuhan), additionally, the samples from the Permian–Triassic boundary interval layers were 
repeatedly processed at least three times for the confirmation of the PTB. Then samples were 
examined under a binocular microscope. Finally, the well-preserved specimens were 
photographed by using Scanning Electron Microscopy (SEM) in the State Key Laboratory of 
Geological Processes and Mineral Resources (China University of Geosciences, Wuhan) and 
Deakin University in Melbourne. 
 
1.3 Aims of this study 
The principal aims of this thesis include the researches of the brachiopods and conodonts 
as follows: 
x To restudy the conodont biostratigraphy at the Zhongzhai section in the light of new 
discoveries of key fossils. This part of the thesis has already been published (Zhang et 
al. 2014b); 
x To systematically describe the Zhongzhai brachiopod fauna, with detailed comments 
and clarifications on some morphological terms that until now have remained unclear 
due to poor fossil preservation and/or lack of adequate fossil materials. Parts of this 
systematic palaeontology have already been published (see Family Rugosochonetidae 
in Zhang et al. 2013, Order Lingulida, Orthida, Orthotetida and Spiriferida in Zhang 
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et al. 2014a); 
x To investigate the diversity dynamics of the Zhongzhai brachiopod fauna, and 
statistically examine and verify their main extinction horizon by using the method of 
‘likelihood ratio’;  
x To compare the brachiopod extinction patterns among six key PTB marine sections 
along a bathymetric gradient in South China (shallow-water clastic-shelf facies, 
Zhongzhai section; shallow-water carbonate platform facies, Huangzhishan and 
Meishan sections; deep-water siliciclastic facies, Rencunping, Majiashan and 
Dongpan sections), and to discuss the possible reasons for the diachronous 
occurrences of the apparently bathymetry-dependent end-Permian extinction patterns; 
x To analyse and interpret the palaeoecology of the Zhongzhai brachiopod fauna 
through the Changhsingian (the lower part and upper part of the Zhongzhai section) to 
the lowermost Triassic in relation to underlying biotic and abiotic controls; 
x To evaluate and correlate the Changhsingian brachiopod assemblages of South China, 
across all three main depositional facies: the shallow-water clastic-shelf facies, 
shallow-water carbonate platform facies and deep-water siliciclastic facies; 
x To study the body size evolution of selected brachiopod species through the PTB 
interval and their determinants. 
 
1.4 Significance of this study 
This thesis adds new significant original data to the Permian–Triassic boundary faunas. 
Additionally, the analysis and interpretation of these new data help us to better understand the 
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end-Permian mass extinction. 
Most significantly, this study confirms that Hindeodus parvus, the marker for the 
Permian–Triassic boundary (PTB), is not globally synchronous as previously thought. 
Instead, it could first occur below the PTB in some local sections (environments), as has been 
proven so in the present study based on data from the Zhongzhai section. This new 
information gained from the conodont fauna is also significant for the confirmation and 
correlation of the Permian–Triassic boundary (PTB) between the marine and non-marine 
sections. 
As for the brachiopods, this study represents the first most comprehensive and systematic 
study, in a monographic style, of a Changhsingian brachiopod fauna from the shallow-water 
clastic-shelf facies anywhere in South China. The taxonomic and stratigraphic information 
gained from this brachiopod fauna, in turn, contributes significantly to a much improved 
understanding of the end-Permian mass extinction in area such as the variation of species 
richness, abundance and body-size changes and the factors that controlled these changes over 
time. 
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Chapter 2. Geological setting and introduction of the study sections 
 
Palaeogeographically, the South China Block (Yangtze Basin) was located at the low-
latitude area close to the equator in the Lopingian and Early Triassic (Figure 2.1). The 
Lopingian palaeoenvironments of South China contained a variety of depositional settings as 
follows (Yang et al. 1987, Feng et al. 1997) (Figure 2.2):  
1) Terrestrial clastic rock facies: this is characterized by sandstone, siltstone and mudstone 
intercalated coal-bearing layers, and is mainly distributed in the east of the Sichuan–Yunnan 
Old Land (Weining, Shuicheng and Xuanwei counties in the western Guizhou and eastern 
Yunnan provinces) and in the southeastern part of South China close to the Yunkai Old Land 
and Cathaysia (Guangdong and Fujian provinces). 
2) Shallow-water clastic-shelf facies: this is represented by sandstone, siltstone, mudstone 
partly intercalated with siliceous rocks or limestone lens, and is also mainly found in western 
Guizhou and eastern Yunnan provinces and in the southeastern part of South China close to 
the Yunkai Old Land and Cathaysia. 
3) Shallow-water carbonate platforms: these are characterized by dark-gray thick-bedded 
bioclastic limestone, intercalated with chert; they were widely distributed in the 
Changhsingian across the whole Yangtze Region (an epicontinental sea). 
4) Offshore ramps and slopes: these are characterized by thin-bedded marl, siliceous 
shales and thick-bedded limestone, thin-bedded siliceous rocks and mudstone, and included 
the slope environments flanking the shallow-water carbonate platforms mentioned above, 
especially in the Guizhou–Guangxi and Hunan–Guangxi basins in the southern part of
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South China. They are also found in the southern margins of the basins in the 
northern part of South China (Sichuan, Hubei, Anhui and Jiangsu provinces). 
5) Bathyal deep-water environments: these are represented by siliceous rocks, 
mainly distributed in Guangxi, Guizhou, Hunan, northern Guangdong, Jiangsu, 
Anhui, Hubei and Sichuan provinces. 
This study focuses on the Zhongzhai section located at the junction area between 
western Guizhou and eastern Yunnan provinces (Figure 2.2). During the 
Changhsingian (Late Permian) to Early Triassic, along the western fringe of the 
Yangtze Basin and the east of the Sichuan–Yunnan Old Land there existed a large 
epiric sea extending from the (present-day) western Guizhou to eastern Yunnan 
provinces (Figure 2.2 & 2.3), thus allowing the development of a continuum of both 
marine and non-marine PTB sequences in this area. During the Changhsingian 
transgression, the study area was situated at or close to the coastline, known as the 
Shuicheng–Qinglong Line, which extended further westward to the Xuanwei–
Fuyuan Line in the earliest Triassic (Yao et al. 1980) (Figure 2.3). In the non-marine 
strata west of the Zhongzhai section, Wang & Yin (2001) first named the Chahe and 
Zhejue terrestrial Permian–Triassic boundary (TPTB) sections (Figure 2.2 & 2.3), 
both containing abundant plant and sporopollen fossils. Prior to Wang & Yin (2001), 
Yao et al. (1980) had already documented in detail a large number of well-preserved 
and locally fossiliferous PTB sections ranging in depositional facies from coastal or 
marginal marine through full shallow-marine to  
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Figure 2.2. A) Changhsingian lithofacies map of South China (after Feng et al. 
1997, Xie et al. 2010, Lei et al. 2012). Sections: A, Zhongzhai; B, Huangzhishan; C, 
Meishan; D, Rencunping; E, Majiashan; F, Dongpan. B, The S–S’ cross-section 
represents the lithostratigraphy of the Upper Permian to Lower Triassic rock 
successions in western Guizhou and eastern Yunan provinces (after Wang & Yin 
2001).  
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deep-water environments, including the Zhongzhai section located at the junction 
between marine and non-marine settings (Figure 2.2 & 2.3) (see below for 
interpretation of the Zhongzhai section's depositional environment). 
 
2.1 Geological setting of the study area 
2.1.1 Regional structure geology 
The study area is situated at the southwestern margin of the Yangtze basin, where 
mainly NW-trending and NE-trending structures are developed. The study area is 
located within the Liupanshui Fault Depression. The geological structures of the 
study area include three fold belts (Langdai Syncline, Liuzhi Syncline and 
Dingtoushan Anticline) and two faults (Ertang Fault and Zhongzhai Fault) (Guizhou 
Bureau of Geology and Mineral Resources 1987).  
  
2.1.2 Regional stratigraphy 
The Zhongzhai section is located in western Guizhou Province. The surrounding 
area contains well-developed Permian and Triassic strata, as well as Carboniferous 
and Jurassic rocks (Guizhou Stratigraphy and Paleontology Working Group 1977, 
Guizhou Bureau of Geology and Mineral Resources 1987). 
 
2.1.2.1 Carboniferous 
The Carboniferous strata are widespread in the study area and characterized by 
carbonate rocks comprising the Huashiban, Dala, Maping and Longyin formations. 
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Figure 2.3. A) Changhsingian palaeogeography of western Guizhou and eastern 
Yunnan provinces. B) Early Triassic palaeogeography map of western Guizhou and 
eastern Yunnan provinces. C) The S–S’ cross-section represents the lithostratigraphy 
of the Upper Permian to Lower Triassic rock successions in western Guizhou and 
eastern Yunan provinces (after Wang & Yin 2001).  
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Huashiban Formation (C2hs): gray thick-bedded marl, intercalated dolomite and 
partly intercalated thin-bedded siliceous rocks; conformably overlying the Shangsi 
Formation. 
Dala Formation (C2d): gray thick-bedded marl and dolomite in the lower part; 
gray thick-bedded marl in the upper part, partly intercalated dolomite; conformably 
overlying the Huashiban Formation. 
Maping Formation (C2m): gray thick-bedded marl in the lower and middle part; 
gray thick-bedded marl, intercalated dolomite; conformably overlying the Dala 
Formation. 
Longyin Formation (C2l): yellow sandy shale, intercalated sandstone and marl in 
the lower part; dark-gray thick-bedded marl, intercalated siltstone in the middle part; 
yellow silty shale, intercalated thick-bedded sandstone; yielding ammonoids, 
fusulinids, brachiopods and corals; 870m; conformably underlain by the Maping 
Formation. 
 
2.1.2.2 Permian 
The Permian strata are well-developed in the study area, including the Huagong 
Formation in the Lower Permian, the Qixia and Maokou formations in the Middle 
Permian and the Longtan Formation in the Upper Permian. 
Huagong Formation (P1h): limestone and marl, intercalated sandstone, silty 
claystone and black claystone in the lower part; sandstone intercalated marl and 
coal-bearing lines in the upper part; 220–500m; disconformably overlying the 
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Longyin Formation. 
Qixia Formation (P2q): dark-gray marl, intercalated mudstone or shale in the 
bottom; yielding fusulinids and corals; 100–150m; conformably overlying the 
Huagong Formation. 
Maokou Formation (P2m): gray thick-bedded dolomite in the lower part; gray to 
dark-gray thick-bedded marl in the middle part; gray thick-bedded dolomite, 
intercalated black-gray carbonate limestone and shales in the upper part; 400–720m; 
conformably overlying the Qixia Formation. 
Emeishan Basalt (P2–3em): gray and green basalt, intercalated sandstone, 
mudstone, coal-bearing lines and siliceous rocks; contact with the Longtan 
Formation by claystone; disconformably overlying the Maokou Formation. 
Longtan Formation (P3l): yellow-green siltstone interbedded with shales in the 
lower part; yellow or dark-gray sandstone, siltstone and shales, intercalated coal-
bearing layers in the middle part; black shales and mudstone, intercalated sandstone 
and limestone; yielding abundant brachiopods; 230m; disconformably overlying the 
Emeishan Basalt. 
 
2.1.2.3 Triassic 
The Triassic strata in the study area are composed of the Yelang and 
Yongningzheng formations in the Lower Triassic, the Guanling and Falang 
formations in the Middle Triassic, the Banan, Huobachong and Erqiao formations in 
the Upper Triassic. 
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Yelang Formation (T1y): purple shales, intercalated gray thin-bedded marl, 
sandstone and siltstone; yielding abundant bivalves and ammonoids; 280–880m; 
conformably overlying the Longtan Formation. 
Yongningzhen Formation (T1yn): bioclastic marl and dolomite, with oolitic 
structure; yielding ammonoids and bivalves; 300–875m; conformably overlying the 
Yelang Formation. 
Guanling Formation (T2g): yellow-green tuff in the lower part; gray and yellow 
thick-bedded dolomite in the upper part, intercalated purple and gray-green 
claystone; yielding bivalves; 0–530m; conformably overlying the Yongningzhen 
Formation. 
Falang Formation (T2–3f): gray thick-bedded to thin-bedded marl, siliceous 
limestone and yellow-green shales and calcareous siltstone; yielding bivalves and 
ammonoids; 200–350m; conformably overlying the Guanling Formation. 
Banan Formation (T3bn): yellow-gray thick-bedded sandstone, yielding bivalves; 
150–460m; conformably overlying the Falang Formation. 
Huobachong Formation (T3h): dark-gray sandstone, carbonate shales and coal-
bearing layers; yielding bivalves and plant fossils; 216–678m; conformably 
overlying the Bana Formation. 
Erqiao Formation (T3e): non-marine gray and brown thick-bedded sandstone, 
yielding plant fossils; 300m; disconformably overlying the Huobachong Formation. 
 
2.1.2.4 Jurassic 
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Figure 2.4. Localities of the six PTB sections (concerned in this thesis) in South 
China. A, Zhongzhai; B, Huangzhishan; C, Meishan; D, Rencunping; E, Majiashan; 
F, Dongpan.  
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The Jurassic strata in the study area are only found in the core of the Langdai 
Syncline and are comprised of the Xialufeng and Xiashaximiao formations. 
Xialufeng Formation (J?l): purple and gray-green mudstone, intercalated 
sandstone in the lower part; purple and brown mudstone, siltstone and sandstone, 
intercalated limestone lens or marl; disconformably overlying the Erqiao Formation. 
Xiashaximiao Formation (J2x): gray-green sandstone in the lower part; purple 
mudstone, siltstone and sandstone in the upper part, intercalated shale lens; 220–
370m; disconformably overlying the Xialufeng Formation. 
 
2.1.3 Regional geological history 
From Carboniferous to Jurassic, the geological history of the study area was 
mainly influenced by three orogenies: the Hercynian–Indo–China Movement 
(orogeny), Yanshanian Movement and Himalayan Movement, in ascending order 
(Guizhou Bureau of Geology and Mineral Resources 1987). The Hercynian–Indo 
China Movement was represented by the disconformity between Upper 
Carboniferous and Lower Permian, related to a global marine regression possibly 
connected to the Late Palaeozoic Gondwana glaciation. The Yanshanian Movement 
saw the formation of the Langdai Syncline, Liuzhi Syncline, Dingtoushan Anticline, 
as well as the Zhongzhai Fault. The final orogenic movement of the study area was 
related to the Himalayan Movement, which formed the present-day NW-trending 
structures. 
 
19 
 
2.2 Description of key PTB sections concerned in this study 
2.2.1 Zhongzhai section (A) 
    Geographically, the Zhongzhai PTB section (26.15°N and 105.29°E) is situated 
about 1km northeast of Zhongzhai (a local township), Liuzhi County, southwestern 
Guizhou Province (Figure 2.4 & 2.5).   
    The Permian–Triassic interval strata at the Zhongzhai section are comprised of the 
upper Longtan Formation (Beds 1–28) and the lower Yelang Formation (Beds 29–
35) (Figure 2.6, 2.7 & 2.8). The compositions of the upper Longtan Formation are 
calcareous mudstone, argillaceous siltstone, a few sandstone layers and intercalated 
limestone, whilst the lower part of the Yelang Formation includes purple mudstone, 
siltstone, sandstone and a few intercalated limestone layers (the bed-by-bed 
description of the Zhongzhai section see Figure 2.9 & Table 2.1). 
 
Figure 2.5. Detailed location and access routes of the Zhongzhai sections in 
Guizhou Province, South China. 
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Table 2.1. Detailed bed-by-bed lithological description of the Zhongzhai section. 
Bed 
no. 
 
Lithology 
Sedimentary 
structure 
 
Fossil 
Thickness 
(cm) 
 
Lower Triassic Yelang Formation (Beds 29–60) 
60 gray-green to taupe thin-bedded siltstone    
59 gray-green thin-bedded siltstone, 
intercalated calcareous mudstone 
horizontal 
bedding well-
developed 
  
600 
58 gray-green thin-bedded in the upper part; 
taupe thin-bedded siltstone in the lower 
part, intercalated mudstone 
horizontal 
bedding well-
developed 
  
290 
57 gray-green thin-bedded siltstone, partly 
intercalated brown mudstone 
   
490 
56 gray-green to taupe thin-bedded 
argillaceous siltstone, partly intercalated 
brown calcareous mudstone 
horizontal 
bedding well-
developed 
  
320 
55 gray-green to taupe thin-bedded 
argillaceous siltstone, partly intercalated 
brown calcareous mudstone 
horizontal 
bedding well-
developed 
  
370 
54 gray-green thin-bedded siltstone, 
intercalated brown mudstone 
horizontal 
bedding well-
developed 
 
bivalves 
 
490 
53 gray-green thin-bedded siltstone, 
intercalated brown mudstone 
horizontal 
bedding well-
developed 
  
460 
52 gray-green thin-bedded siltstone, partly 
intercalated brown mudstone 
horizontal 
bedding well-
developed 
  
250 
51 gray-green thin-bedded siltstone, partly 
intercalated brown mudstone 
horizontal 
bedding well-
developed 
  
240 
50 gray-green thin-bedded siltstone in the 
upper part, intercalated brown mudstone; 
brown thin-bedded calcareous mudstone 
in the lower part, intercalated gray-green 
thin-bedded siltstone 
horizontal 
bedding well-
developed 
  
290 
49 brown thin-bedded calcareous mudstone, 
intercalated gray-green thin-bedded 
siltstone 
   
300 
48 brown thin-bedded calcareous mudstone, 
intercalated gray-green thin-bedded 
siltstone 
   
230 
47 brown thin-bedded calcareous mudstone, 
intercalated gray-green thin-bedded 
siltstone 
horizontal  
bedding well-
developed 
  
230 
46 gray thin-bedded calcareous siltstone 
interbedded with brown thin-bedded 
calcareous mudstone in the upper part; 
yellow-green thin-bedded silty and 
calcareous mudstone in the middle part; 
gray thin-bedded calcareous siltstone in 
the lower part 
horizontal 
bedding well-
developed 
 
brachiopods, 
bivalves 
 
350 
45 brown thin-bedded calcareous mudstone 
in the upper part; gray thin-bedded 
horizontal 
bedding well-
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calcareous siltstone in the middle part; 
yellow-green thin-bedded silty and 
calcareous mudstone interbedded with 
gray thin-bedded calcareous siltstone in 
the lower part 
developed bivalves 300 
44 yellow-green thin-bedded silty and 
calcareous mudstone in the upper part, 
intercalated brown thin-bedded 
calcareous mudstone; yellow thin-bedded 
calcareous mudstone in the middle part; 
brown thin-bedded calcareous mudstone 
in the lower part 
horizontal 
bedding well-
developed 
 
bivalves 
 
270 
43 yellow-green thin-bedded silty and 
calcareous mudstone 
horizontal 
bedding well-
developed 
brachiopods, 
bivalves 
 
620 
42 yellow-green thin-bedded silty and 
calcareous mudstone in the upper part; 
yellow thin-bedded calcareous mudstone 
in the lower part 
horizontal 
bedding well-
developed 
 
bivalves 
 
120 
41 yellow thin-bedded calcareous mudstone 
in the upper part; gray thin-bedded 
calcareous siltstone in the middle part; 
yellow-green thin-bedded silty and 
calcareous mudstone in the lower part 
horizontal 
bedding well-
developed 
 
brachiopods, 
bivalves 
 
 
223 
40 yellow-green thin-bedded silty and 
calcareous mudstone in the upper part; 
yellow thin-bedded calcareous mudstone 
in the lower part 
horizontal 
bedding well-
developed 
brachiopods, 
bivalves 
 
80 
39 yellow-green thin-bedded silty and 
calcareous mudstone in the upper part; 
gray thin-bedded calcareous siltstone in 
the middle part; yellow-green thin-
bedded silty and calcareous mudstone in 
the lower part 
 
horizontal 
bedding well-
developed 
 
 
bivalves 
 
 
195 
38 yellow thin-bedded calcareous mudstone 
in the upper part; gray thin-bedded 
calcareous siltstone in the middle part; 
yellow thin-bedded calcareous mudstone 
in the lower part 
horizontal 
bedding well-
developed 
 
brachiopods, 
bivalves 
 
180 
37 yellow-green thin-bedded silty and 
calcareous mudstone in the upper part; 
yellow thin-bedded calcareous mudstone 
in the middle part, intercalated brown 
thin-bedded calcareous mudstone; 
yellow-green thin-bedded silty and 
calcareous mudstone in the lower part 
 
horizontal 
bedding well-
developed 
 
 
brachiopods, 
bivalves 
 
 
250 
36 yellow thin-bedded silty and calcareous 
mudstone in the upper part; yellow-green 
thin-bedded silty and calcareous 
mudstone in the lower part, silt content 
increased 
horizontal 
bedding well-
developed 
 
bivalves 
 
120 
35 yellow-green thin-bedded silty and 
calcareous mudstone in the upper part; 
yellow thin-bedded silty and calcareous 
mudstone in the middle part; yellow-
green thin-bedded silty and calcareous 
mudstone in the lower part, silt content 
 
horizontal 
bedding well-
developed 
 
brachiopods, 
bivalves 
 
 
135 
22 
 
increased 
34 yellow-green thin-bedded silty and 
calcareous mudstone 
 gastropods, 
brachiopods, 
bivalves 
 
50 
33 yellow-green thin-bedded silty and 
calcareous mudstone 
  
brachiopods 
 
40 
Transitional interval (Beds 27–32) 
32 yellow-green thin-bedded silty and 
calcareous mudstone in the upper part; 
brown claystone in the lower part 
 ostracods, 
brachiopods, 
bivalves 
 
25 
31 white claystone   5 
30 gray marl  brachiopods, 
bivalves, 
conodonts 
 
10 
29 white claystone  bivalves 5 
Conformity 
Upper Permian Longtan Formation (Beds 1–28) 
28 gray silty limestone  foraminifers, 
ostracods, 
brachiopods, 
bivalves 
 
13 
27 gray and black thin-bedded silty and 
calcareous mudstone in the upper part; 
gray and black thin-bedded calcareous 
mudstone in the middle and lower parts 
 brachiopods, 
bivalves, 
foraminifers, 
ostracods, 
ammonoids 
 
 
50 
26 gray marl  foraminifers, 
ostracods 
 
25 
25 yellow-green thin-bedded silty and 
calcareous mudstone 
 brachiopods, 
bivalves 
 
35 
24 yellow-green thin-bedded silty and 
calcareous mudstone 
  
bivalves 
 
55 
23 yellow-green thin-bedded silty and 
calcareous mudstone 
horizontal 
bedding well-
developed 
 
brachiopods 
 
70 
22 yellow-green thin-bedded silty and 
calcareous mudstone 
horizontal 
bedding well-
developed 
 
bivalves 
 
120 
21 yellow-green thin-bedded silty and 
calcareous mudstone 
horizontal 
bedding well-
developed 
  
60 
20 yellow-green thin-bedded silty and 
calcareous mudstone, intercalated 
limestone lens 
horizontal 
bedding well-
developed 
  
30 
19 gray-green thin-bedded silty and 
calcareous mudstone 
horizontal 
bedding well-
developed 
  
50 
18 gray-green thin-bedded silty and 
calcareous mudstone, intercalated 
limestone lens 
horizontal 
bedding well-
developed 
  
50 
17 yellow-green thin-bedded silty and 
calcareous mudstone 
  
bivalves 
 
200 
16 yellow-green thin-bedded calcareous 
mudstone in the upper part; yellow-green 
thin-bedded silty and calcareous 
mudstone in the middle part; gray thick-
horizontal 
bedding well-
developed 
 
brachiopods, 
bivalves 
 
 
100 
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bedded sandstone in the lower part 
15 gray marl   70 
14 gray and black thin-bedded silty and 
calcareous mudstone in the upper part; 
gray and black thin-bedded calcareous 
mudstone in the lower part 
horizontal 
bedding well- 
developed 
brachiopods, 
bivalves, 
gastropods 
 
45 
13 gray and black thin-bedded silty and 
calcareous mudstone 
horizontal 
bedding well-
developed 
brachiopods, 
bivalves 
 
80 
12 gray and black thin-bedded calcareous 
mudstone, intercalated gray and black 
thin-bedded silty and calcareous 
mudstone 
horizontal 
bedding well-
developed 
brachiopods, 
bivalves,  
gastropods, 
ostracods, 
ammonoids 
 
 
30 
11 gray and black thin-bedded calcareous 
mudstone 
horizontal 
bedding well-
developed 
brachiopods, 
bivalves 
 
30 
10 gray marl in the upper part; yellow-green 
thin-bedded calcareous mudstone in the 
lower part 
horizontal 
bedding well-
developed 
foraminifers, 
brachiopods 
 
40 
9 gray-green thin-bedded silty and 
calcareous mudstone 
horizontal 
bedding well-
developed 
 35 
8 yellow-green thin-bedded calcareous 
siltstone 
horizontal 
bedding well-
developed 
plant fossils, 
brachiopods, 
bivalves 
 
50 
7 yellow-green thin-bedded calcareous 
siltstone in the upper part; gray-green 
thin-bedded silty and calcareous 
mudstone in the lower part 
horizontal 
bedding well-
developed 
plant fossils, 
brachiopods, 
bivalves 
 
50 
6 gray-green thin-bedded silty and 
calcareous mudstone in the upper part; 
yellow-green thin-bedded calcareous 
siltstone in the lower part 
horizontal 
bedding well- 
developed 
brachiopods, 
bivalves 
 
75 
5 gray marl   5 
4 gray-green thin-bedded silty and 
calcareous mudstone 
horizontal 
bedding well- 
developed 
plant fossils, 
brachiopods, 
bivalves 
 
160 
3 gray and black marl in the upper part; 
gray thin-bedded silty and calcareous 
mudstone 
horizontal 
bedding well- 
developed 
brachiopods, 
bivalves 
 
100 
2 gray-green thin-bedded silty and 
calcareous mudstone 
horizontal 
bedding well- 
developed 
brachiopods, 
bivalves 
 
50 
1 gray marl  plant fossils, 
brachiopods, 
bivalves 
 
130 
 
24
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Both the Longtan and the Yelang formations are locally very fossiliferous, and the 
fossils are generally well preserved owing to the fine-grained nature of the sediment. 
Since Yao's et al. (1980) initial report of abundant marine fossils from this section, 
several other papers have also provided some detailed systematic studies on some of  
the faunas: brachiopods (Liao 1980a, Zhang et al. 2013, 2014a), bivalves (Yao et al. 
1980, Gao et al. 2009), conodonts (Nicoll & Metcalfe 2005, Metcalfe & Nicoll 2007, 
Zhang et al. 2014b), gastropods (He et al. 2008), phytoplankton (Lei et al. 2012, 
2013b), as well as a general account of the stratigraphy of this section (Peng et al. 
2005, Glen et al. 2009, Shen et al. 2011). 
 
Figure 2.7. A) Strata of the Permian–Triassic boundary interval from Beds 26 to 31. 
B & C) Abundant and well-preserved brachiopod specimens in Bed 27. 
 
To date, no specific and detailed sedimentological study has been undertaken to  
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determine the depositional environment of the Zhongzhai section. However, in a 
general account based on a regional combined lithofacies-palaeogeographical 
mapping exercise commissioned by the petroleum industry for the Permian of 
southwestern China, Feng et al. (1994) showed that the Permian–Triassic boundary 
strata of the Zhongzhai area was deposited in a shallow-water clastic-shelf 
environment. This interpretation is consistent with the presence of economically 
viable coal measures in the lower part of the Longtan Formation at the Zhongzhai 
section, which are the most significant coal-bearing rocks in this region. The PTB 
interval strata above the coal measures at the Zhongzhai section, from both the upper 
Longtan and lower Yelang formations, are dominated by mudstone intercalated with 
horizontally bedded argillaceous siltstone, which has been interpreted to represent an 
offshore back-barrier, relatively low-energy shallow-marine environment (Shen et al. 
2011) (Figure 2.2 & 2.3). It is therefore not surprising to see that most of the 
brachiopods found within the mudstone beds in the upper part of the Longtan 
Formation are well preserved (e.g. see the chonetid brachiopod in Chapter 9, still 
with hinge spines intact) (Figure 2.7). 
 
2.2.2 Huangzhishan section (B) 
The Huangzhishan section (30.92°N and 119.99°E), at 80km northwest of 
Hangzhou City, Zhejiang Province, is located approximately 40km southeast of the 
Meishan section. Palaeogeographically, it belonged to the Lower Yangtze Block 
(Figure 2.2 & 2.4). According to Chen et al. (2009b), the strata from the 
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Changhsingian to the lowermost Triassic part of the Huangzhishan section includes 
three parts:  
1) The lower part is the Changxing Formation, which possesses much thicker 
depositional sediments (~120 meters) than that in the Meishan section (~40 meters) 
(Wu et al. 1986). This means the sedimentation rate was much faster here than at 
Meishan, and hence potentially more geological records may be preserved in the 
Huangzhishan section;  
2) The middle part of the Huangzhishan Formation spans the Permian–Triassic 
boundary interval;  
3) The upper part is the Yinkeng Formation showing the lowermost Triassic 
(Figure 2.8). The detailed lithology of this section was already descripted by Chen et 
al. (2009b), so will not be repeated here. The Permian–Triassic boundary interval is 
characterized by mudstone and muddy limestone, rich in brachiopods (Chen et al. 
2009b), bivalves and conodonts (Chen et al. 2008, Chen et al. 2009b), as well as a 
few ammonoids, bryozoans, corals (Chen et al. 2009b) and ophiuroids (Chen et al. 
2004). 
Previously, the depositional environment of the Lower Yangtze Region (part of 
Zhejiang, Jiangsu, Jiangxi and Anhui provinces), where the Huangzhishan, Meishan 
and Majiashan sections located, had been investigated since the 1980s (Rui & Jiang 
1984, Wu et al. 1986, Yang et al. 1991, Zhang et al. 1996, Zhang et al. 2005). They 
divided this area into three different facies: 1) carbonate platform facies (e.g., 
Huangzhishan section); 2) slope or ramp facies flanking carbonate platforms (e.g., 
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Meishan section); 3) offshore deep-water basinal facies (e.g., Majiashan section).  
Chen et al. (2004) reported the conodont Clarkina changxingensis meishanensis 
from the Huangzhishan section. Subsequently, Chen & McNamara (2006) proposed 
the C. yini and Hindeodus parvus zones. Two years later, Chen et al. (2008) 
suggested and illustrated five conodont zones for the Huangzhishan section (C. 
changxingensis changxingensis, C. parasubcarinata, C. changxingensis yini–C. 
meishanensis zhangi, C. meishanensis meishanensis and H. parvus). More recently, 
Chen et al. (2009b) clarified the conodont biostratigraphy of the Huangzhishan 
section by proposing and illustrating only three conodont zones including C. yini, C. 
meishanensis and H. parvus, in ascending order. In the same paper, Chen et al. 
(2009b) also provided a list of brachiopod species and their stratigraphic occurrences 
at the Huangzhishan section. 
 
2.2.3 Meishan section (C) 
The Meishan section (GSSP section) (31.03°N and 119.54°E) is located about 
120km northwest of Hangzhou City, in Zhejiang Province (Figure 2.2 & 2.4). The 
uppermost Permian and lowermost Triassic interval strata comprises the Changxing 
Formation and the basal part of the Yinkeng Formation. The Changxing Formation is 
mainly characterized by oolitic limestone and a few carbonaceous mudstone layers, 
and the basal part of Yinkeng Formation is built by limestone and claystone (Figure 
2.8). Although the Meishan section, as the GSSP section of the Permian–Triassic 
boundary, has had a long research history, its brachiopod fauna has only attracted a 
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few studies, the most detailed of which was Sheng et al. (1984). Chen et al. (2005) 
and Chen et al. (2006) reviewed the brachiopod extinction pattern of this section. 
 
2.2.4 Rencunping section (D) 
The Rencunping section (29.58°N and 110.10°E) is situated about 7km northwest 
Liangshuikou Town, Sangzhi County, Zhangjiajie City, Hunan Province (Figure 2.2, 
2.4 & 2.10). During the PTB interval, this area was located in a transitional area 
close to a deep-water basin about 150–250m deep (Tian 1993b, Ma et al. 2004). As a 
result, the PTB strata here are characterized by fine-grained siliceous rocks mixed 
with carbonaceous/siliceous mudrocks (Zhang et al. 2009b), containing radiolarians, 
pyrite framboids and trace fossils (e.g., Chondrites sp.). The Dalong Formation 
(Upper Permian) comprises gray and black siliceous rocks, siliceous mudstone, 
siliceous limestone and carbonaceous limestone, and has yielded abundant 
ammonoids (Zhang et al. 2009b), brachiopods (He et al. 2014), conodonts (Tian 
1993a), radiolarians, and a few bivalves, ostracods and foraminifers. The Daye 
Formation (Lower Triassic) is mainly built by muddy limestone and a small amount 
of calcareous mudstone layers, with abundant bivalves, ammonoids (Zhang et al. 
2009b) and a few brachiopods (He et al. 2014) (Figure 2.8). 
Tian (1993a) initially named and studied the Rencunping section composed of the 
Middle Permian (Qixia and Maokou formations) and the Upper Permian (Longtan 
and Dalong formations) to the Lower Triassic (Daye Formation). He established 
twelve conodont zones from the Middle Permian to the Lower Triassic, including  
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Figure 2.10. Outcrops features of the Rencunping (A), Majiashan (B) and Dongpan 
sections (C).  
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Clarkina idahoensis–C. serrata Zone, C. aserrata–C. postserrata Zone, C. 
babcocki–C. wilcoxi Zone, C. liangshanensis–C. bitteri Zone, C. leveni Zone, C. 
orientalis Zone, C. subcarinata–C. wangi Zone, C. postwangi–C. changxingensis 
Zone, C. xiangsiensis–C. changxingensis Zone, H. parvus Zone, Isarcicella isarcica 
Zone, C. carinata–C. planata Zone. However, the conodont zones proposed by Tian 
(1993a) are not refined enough for detailed PTB correlation. For example, the first 
local occurrence of H. parvus at this section is 1.5m above the PTB defined by the 
ammonoid Hypophiceras–Ophiceras–Lytophiceras Zone (Zhang et al. 2009b). In 
this thesis, I have followed Zhang et al. (2009b) in preferring to the PTB defined by 
ammonoids instead of that based on conodonts. 
 
2.2.5 Majiashan section (E) 
The Majiashan section (31.63°N and 117.82°E), is located at 60km southeast of 
Hefei City, in Anhui Province (Figure 2.2, 2.4 & 2.10); it comprises the upper part of 
the Dalong Formation (uppermost Permian) and the basal part of the Yinkeng 
Formation (the lowermost Triassic). The Dalong Formation is characterized by grey 
to greyish-black thin-bedded siliceous mudstone interbeded with cherts, and is 
fossiliferous with abundant radiolarians, brachiopods (He et al. 2010, 2014) and a 
few ammonoids, bivalves, microgastropods and foraminifers (Figure 2.8). The basal 
part of the Yinkeng Formation mainly includes purple-grey, thin-bed calcareous 
mudstone interbeded with muddy limestone, which is rich in bivalves and 
ammonoids. 
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The depositional environment and water depth of the Majiashan section is best 
compared with the Pingdingshan section located at just 1km north of the Majiashan 
section. According to Gui et al. (2009) who inferred water depths based on the 
composition of radiolarian faunas, the depositional depth for the PTB strata at the 
Pingdingshan section was about 60–200m. Thus, the depositional environment for 
the PTB strata of the Majiashan section could be placed at a similar water depth. 
 
2.2.6 Dongpan section (F) 
The Dongpan section (22.25°N and 107.65°E) is situated about 100km southwest 
of Nanning City, Guangxi Province (Figure 2.2, 2.4 & 2.10). Tectonically, the 
section is placed at the south of the Pingxiang–Dongmen Fault, which controlled the 
lithofacies of this area (platform facies at north and deep-water basin at the south) 
(Meng et al. 2002). Palaeogeographically, this region, where the Dongpan section is 
located, was part of the Youjiang ancient ocean basin connected to the open sea 
(Meng et al. 2005b). As such, the depositional depth for the PTB strata at the 
Dongpan section has been inferred to be greater than 200m (Gui et al. 2009). 
Lithologically, the upper part of the Dalong Formation (uppermost Permian) is 
dominated by siliceous rocks and silica-bearing mudstone. The Dalong Formation is 
overlain by the Luolou Formation (Lower Triassic) which mainly comprises 
calcareous mudstone (Figure 2.8).  
The Dongpan section is well-known not only as one of the deep-water siliceous 
rock facies sections in South China, but also for its excellent and abundant fossil 
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records including brachiopods (He et al. 2005, 2007c, 2012, 2014), bivalves (He et 
al. 2007a), radiolarians (Feng et al. 2004, 2006a, 2006b, 2007a, 2007b, 2009, Jin et 
al. 2007, Wu et al. 2010), foraminifers (Gu et al. 2005, 2007), ostracods (Yuan et al. 
2007), sponges (Liu et al. 2008), ammonoids (Bu et al. 2006) and conodonts (Luo et 
al. 2008a, Wu & Feng 2008). Additionally, stratigraphy and geochemistry of this 
section has also been subjected to many detailed studies (Meng et al. 2005a, 2005b, 
Zhang et al. 2006a, 2006b, 2006c, 2007a, Chen et al. 2007a, Peng et al. 2008). 
Biostratigraphically, Bu et al. (2006) illustrated the late Changhsingian ammonoid 
zone (Pseudotirolites–Rotodiscoceras) and the earliest Triassic ammonoid zone 
(Ophiceras–Lytophiceras) from the Dongpan section. As for conodonts, Wu & Feng 
(2008) reported the Clarkina postwangi and C. yini zones, and Luo et al. (2008a) 
illustrated the C. yini zone, enabling a close correlation of the Dongpan section with 
other PTB sections in South China. 
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Chapter 3. Biostratigraphy of the Zhongzhai section 
 
At first, we note that much of the discussion and main conclusions covered in this 
chapter have been published in my recent paper (Zhang et al. 2014b), which itself 
formed an integral part of this thesis. 
 
3.1 Conodont biostratigraphy 
Until recently, virtually globally the Permian–Triassic boundary has been defined 
by the First Appearance Datum (FAD) of Hindeodus parvus Kozur & Pjatakova, 
1976, irrespective of other stratigraphic constraints. Implicitly, this approach 
assumes that the FAD of Hindeodus parvus is synchronous globally as a time marker 
for the PTB. However, this assumption is fundamentally flawed because the first (or 
earliest) stratigraphic occurrence of Hindeodus parvus at a local section is subject to 
preservation and sampling biases and therefore may well be diachronous when 
compared to the first occurrences of Hindeodus parvus at other sections. This 
reasoning and observation seems to be well supported by the occurrence of 
Hindeodus parvus at the Zhongzhai section with respect to the Permian–Triassic 
boundary defined at this section by other stratigraphic methods. 
In South China, there have been numerous excellent marine Permian–Triassic 
boundary sections reported in the past three decades, but most of these previous 
studies have been focused on shallow-water carbonate platform sections, with few 
concerning clastic-rock facies from continental shelf settings. This is despite the 
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significance of clastic-shelf PTB sections in serving as an important bridge in 
correlating marine and non-marine PTB sequences (Peng et al. 2005). In this regard, 
the Zhongzhai section is perhaps unique as it is the only known PTB section in 
South China to date representing the clastic-shelf rock facies. As such, this section 
has attracted much attention in a number of recent publications (e.g., Metcalfe & 
Nicoll 2007, Shen et al. 2011, Lei et al. 2012, 2013b). 
After a brief note published as an abstract by Nicoll & Metcalfe (2005), Metcalfe 
& Nicoll (2007) formally reported, for the first time, Hindeodus parvus from Bed 30 
of the Zhongzhai section, which enabled them to place the PTB at the base of this 
bed. However, our recent systematic bed-by-bed resampling of the entire section has 
discovered that Hindeodus parvus in fact first appears at Bed 28a, 18cm lower than 
the first local occurrence (FLO) of this species previously reported by Metcalfe & 
Nicoll. This discovery is important as it would suggest, at first glance, that either the 
PTB needs to be lowered to the base of Bed 28a for the Zhongzhai section, or the 
first local occurrence of Hindeodus parvus is actually lower than the PTB at this 
section if the previously accepted PTB is kept unchanged for the Zhongzhai section. 
As discussed further below, the second scenario is strongly favored here as the PTB 
of the Zhongzhai section has been well constrained and calibrated by additional 
evidences from both geochronology and G13C isotope chemostratigraphy. 
Consequently, a significant implication would become apparent from the present 
study: if a broad global synchronicity can be assumed for the PTB, the first local 
occurrences of Hindeodus parvus would have to be diachronous with respect to the 
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PTB at its GSSP section in Meishan and to the first local occurrence of this species 
at this section. Further, it also implies that the lower stratigraphic range of H. parvus 
should now be extended to latest Permian. 
 
3.1.1 Materials and methods 
Eighty-two samples (3–5 kilograms per sample) were systematically collected 
from the claystone, calcareous mudstone, siltstone and limestone beds of the upper 
Longtan Formation and the lower Yelang Formation in the Zhongzhai section 
(Figure 3.1). All samples were corroded by 10% solution of acetic acid and then 
examined under a binocular microscope. Importantly, the samples of Beds 26, 28a, 
28b, 29 and 30, which are the key layers of the Permian–Triassic boundary interval, 
were repeatedly processed and examined (at least three times for each sample) in an 
effort to search for conodont fossils and for locating the PTB. Finally, some selected 
specimens were photographed by Scanning Electron Microscopy (SEM) at China 
University of Geosciences (Wuhan) and Deakin University in Melbourne. 
All but one specimens figured in this thesis are preserved in the 
Micropaleontology Laboratory, Faculty of Earth Sciences, China University of 
Geosciences (Wuhan), China, with prefixes LZ–C for specimens from the Zhongzhai 
section in Liuzhi County (C for conodont fossils, 2801 for Bed 28a, 2802 for Bed 
28b). The exceptional specimen is provided by one of the authors (YDX) and is 
registered with NIGP159237 (from Bed 28b) and housed in the Nanjing Institute of 
Geology and Palaeontology, Nanjing, China. 
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3.1.2 The conodont fauna 
This Zhongzhai conodont fauna was first reported by Nicoll & Metcalfe (2005) in 
a very short note, in which they briefly described the lithology of Permian–Triassic 
interval strata from Beds 26 to 31, and placed the PTB at the bottom of Bed 30 based 
on the occurrence of Hindeodus parvus. Subsequently, Metcalfe & Nicoll (2007) 
formally reported and figured this fauna from the Zhongzhai section, which included 
Hindeodus parvus, H. eurypyge, H. changxingensis, Clarkina tulongensis, C. 
meishanensis and Merrillina ultima. In the same paper, Metcalfe & Nicoll (2007) 
also considered the base of Bed 30 to mark the PTB at the Zhongzhai section (Figure 
3.2). 
In the present study, five samples have yielded conodonts. Sample LZ–0101 (Bed 
1a), LZ–0102 (Bed 1b) and LZ–26 (Bed 26) contain some conodont fragments 
which are too poorly preserved for species identification. However, samples LZ–
2801 (Bed 28a) and LZ–2802 (Bed 28b) have yielded well-preserved conodont 
material. Together, these five samples contain a modest conodont fauna, consisting 
of: Clarkina meishanensis Zhang et al., 1995, Hindeodus bicuspidatus Kozur, 2004, 
H. parvus Kozur & Pjatakova, 1976, H. ?parvus Kozur & Pjatakova, 1976, 
Hindeodus cf. H. peculiaris Perri & Farabegoli, 2003, H. praeparvus Kozur, 1996, 
H. sp.1 and H. sp.2, (Figures 3 & 4, Table 3.1). 
Among these conodont species, the identification of H. parvus is most critical for 
this paper but has proved a considerable challenge because of the fine gradational 
changes between H. praeparvus and H. parvus and the different views currently held  
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Figure 3.3. 1, Clarkina meishanensis Zhang et al., 1995, upper view, LZ–C–280101. 2, 
Hindeodus sp.1, lateral view, LZ–C–280201. 3. Hindeodus sp.2, lateral view, LZ–C–280202. 4–
20, 25–28, Hindeodus praeparvus Kozur, 1996, 4–11, 13–16, 20, 25, 27, 28, lateral view, LZ–C–
280203–280218; 12, 17–19, 26, lateral view, LZ–C–280102–280106. 21, Hindeodus sp. cf. H. 
peculiaris (Perri & Farabegoli, 2003), lateral view, LZ–C–280219. 22–24, Hindeodus 
bicuspidatus Kozur, 2004, lateral view, LZ–C–280220–280222.  
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Figure 3.4. 1, 2, 7, Hindeodus parvus (Kozur & Pjatakova, 1976), 1, 2, lateral view 
and upper view, LZ–C–280223; 7, lateral view, NIGP159237. 3–6, 
Hindeodus ?parvus (Kozur & Pjatakova, 1976) 3, 4, lateral view and upper view, 
LZ–C–280224; 5, 6, lateral view and upper view, LZ–C–280107. 
 
by different workers as to how these two species should be distinguished one from 
another in an apparent continuum of morphological variations (e.g., see discussion in 
Kozur 1996, pp 93, 94, Orchard & Krystyn 1998, p. 352). In our material, two 
specimens, LZ–C–280223 (fig. 3.4.1, 3.4.2, fig. 3.5.6) and NIGP159237 (fig. 3.4.7, 
fig. 3.5.7), both from Bed 28b, appear to be assignable to H. parvus with good 
confidence. Both specimens are characterized by possessing a high cusp whose 
height is more than twice that of the average height of the denticles, broad and 
largely uniform denticles, and a nearly vertical posterior margin. These 
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characteristics are highly comparable with similar features in the type specimens of 
H. parvus as originally figured by Kozur & Pjatakova (1976) and Kozur (1977) 
(both reproduced here in fig. 3.5.1, 3.5.2), as well as with specimens of H. parvus 
from the Meishan PTB GSSP section as figured by Yin et al. (2001, here reproduced 
in fig. 3.5.3) and by Metcalfe et al. (2001, here reproduced in fig. 3.5.4). Further, we 
could not identify any discernible significant differences between these two 
specimens and a specimen identified and figured by Metcalfe & Nicoll (2007) as H. 
parvus from Bed 30 of the Zhongzhai section (reproduced here in Figure 3.5.5). 
However, our assignment of two other specimens, LZ–C–280224 and LZ-C-
280107 (fig. 3.4.3–6, fig. 3.5.8, 3.5.9), to H. parvus is somewhat equivocal as, 
arguably, they could also be classified as H. praeparvus. In several previous studies 
where conodont populations have been examined (e.g., Mei et al. 2004, Shen & Mei 
2010), it is evident that considerable intra- and inter-specific variations could exist 
among some conodont species, suggesting an inherent challenge in conodont 
taxonomy at the species level. Although Hindeodus parvus is generally understood 
to have a high and slender cusp, an upright posterior margin and even denticles (e.g., 
Kozur 1996, Orchard & Krystyn 1998), but specimens with these typical features 
tend to represent the end members of a continuum of strong and continuous intra-
specific variations within this species, and specimens with these features are usually 
rare in stratigraphic record (e.g., only a few reliable H. parvus have so far been 
reported from the Meishan PTB GSSP section). The two specimens under question 
(LZ–C–280224 and LZ–C–280107, fig. 3.5.8, 3.5.9) have nearly uniform denticles,  
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Figure 3.5. Morphological comparison among Hindeodus parvus Kozur & Pjatakova, 1976, 
Hindeodus praeparvus Kozur, 1996 and four specimens in this study. 1–9, H. parvus; 1, one of 
the two original type specimens figured by Kozur & Pjatakova (1976, fig. 1a), 2, holotype, as 
originally designated and illustrated by Kozur & Pjatakova (1976, fig. 1b) (this specimen is 
regarded as the valid holotype for H. parvus, see Nicoll et al. 2002), 3, H. parvus from Meishan 
PTB GSSP section (Yin et al. 2001, pl. 1, fig. 4), 4, H. parvus from Meishan PTB GSSP section 
(Metcalfe et al. 2001, fig. 2), 5, H. parvus from Bed 30 of Zhongzhai section (Metcalfe & Nicoll 
2007, pl. 1, fig. 1), 6, 7, H. parvus from this study (also figured in fig. 3.4.1, 3.4.2, 3.4.7); 8, 9, 
H. ?parvus from this study (also figured in fig. 3.4.3–6); 10, 11, H. praeparvus Kozur, 1996, 10, 
holotype, from Kozur (1996, pl. 2, fig. 2), 11, from Meishan D section (Nicoll et al. 2002, fig 17: 
1d).  
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similar to those of H. parvus shown in fig. 3.5.1–7, but their cusps are relatively low 
and somewhat approach those of typical H. praeparvus (fig. 3.5.10, 3.5.11). These 
comparisons thus suggest that these two specimens may well represent a transitional 
form between H. praeparvus and H. parvus, although their overall characters are 
more characteristic of the latter (see Figure 3.5 for detailed morphological 
comparisons). 
     
 Bed 28 Bed 30 
 Numbers of specimens Percentage Numbers of specimens Percentage 
C. meishanensis 1+35* 15.9%   
C. tulongensis   1* 1.7% 
H. bicuspidatus 3 1.3%   
H. changxingensis 27* 11.9%   
H. eurypyge 41* 18.1%   
H. latidentatus   7* 12.1% 
H. parvus, H. ?parvus 4 1.8% 40* 69.0% 
H. cf. peculiaris 1 0.4%   
H. praeparvus 21+72* 41.0%   
H. sp.1 1 0.4%   
H. sp.2 1 0.4%   
H. n. sp. 7* 3.1%   
H. typicalis   10* 17.2% 
M. ultima 13* 5.7%   
     
Total 227 100% 58 100% 
Table 3.1. Relative abundance (measured by percentage of numbers of specimens) 
of conodont species in Beds 28 and 30 at the Zhongzhai section. Numbers marked 
by an asterick are from Metcalfe & Nicoll 2007, all others are from this study. 
 
Significantly, although H. parvus occurs in Bed 28, they are very rare compared 
to the occurrences of H. praeparvus in the same bed (ninety-three specimens of H. 
praeparvus were found, co-existing with only two specimens each of H. parvus and 
H. ?parvus) (Table 3.1). This indicates that the conodont fauna of Bed 28 is 
undoubtedly dominated by H. praeparvus, co-existing with only very rare early H. 
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parvus elements. This is in sharp contrast to Bed 30 where H. parvus had become 
dominant, accounting for 69% of all conodonts found in this bed, with no finding of 
H. praeparvus (Table 3.1, conodonts data from Bed 30 are from Metcalfe & Nicoll 
2007). These simple statistical differences in species composition and relative 
abundance between the two very different conodont populations of Bed 28 and Bed 
30 suggest that significant evolution and faunal replacement must have occurred at 
the population level from Bed 28 to Bed 30 (Bed 29 is an ash bed and no conodont 
have been found in this bed). Further, our study indicates that rare elements of H. 
parvus could occur in a H. praeparvus-dominated population although their 
identification may be difficulty because of low abundance and the continuum of 
morphological variations between the two species. In this case, it is possible that Pa 
elements of H. parvus occurring in the H. praeparvus-dominated populations can be 
mistaken for H. praeparvus, or vice versa. 
 
3.1.3 Occurrence of H. parvus in relation to the Permian–Triassic boundary 
At first glance, the newly discovered first local occurrence (FLO) of H. parvus 
may suggest that the PTB at the Zhongzhai section could be placed at the base of 
Bed 28a, instead of at the base of Bed 30 as was previously suggested by Metcalfe & 
Nicoll (2007). However, this suggestion is not tenable if multiple other lines of 
chronostratigraphic and biostratigraphic evidence are taken into account. First, when 
Nicoll & Metcalfe (2005; see also Metcalfe & Nicoll 2007) reported H. parvus from 
Bed 30 of the Zhongzhai section, they also reported Merrillina ultima from Bed 28 
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of this section. Until now, M. ultima has been considered to be a species 
characteristic of the Changhsingian (e.g., Kozur 2005). Furthermore, Professor 
Shuzhong Shen (personal communication, July 2013) has advised us that he had 
previously found Palaeofusulina sinenesis from Bed 28, co-existing with H. parvus. 
Palaeofusulina sinenesis is a critical fusuline species that defines the latest 
Changhsingian Palaeofusulina sinenesis Zone in South China (Sheng & Jin 1994). 
Thus, the occurrence of this species concurs with that of the conodont M. ultima in 
suggesting that Bed 28 should be assigned to latest Changhsingian, rather than 
earliest Triassic. This considered, it would be inappropriate to place the PTB of the 
Zhongzhai section at the base of Bed 28a. 
Second, maintaining the PTB of the Zhongzhai section at the base of Bed 30 is 
also strongly corroborated by both the G13C signals and the U–Pb age dating. 
According to Shen et al. (2011), there is no significant change in G13C values from 
Bed 27 to Bed 28; however, a significant and seemingly sustained negative shift 
occurred from Bed 29 through to the base of Bed 31 when a local minimum of G13C 
values was reached (Fig. 4 in Shen et al. 2011; reproduced here in Figure 3.2). Shen 
et al. (2011) correlated this significant negative shift across Bed 30 of the Zhongzhai 
section with that of Bed 27 of the Meishan section where the GSSP of the PTB is 
defined. Bed 30 of the Zhongzhai section is underlain by a claystone bed (Bed 29) 
with volcanic ash. This bed has been dated at 252.24r0.13Ma, which is statistically 
indistinguishable from the calibrated PTB age of 252.17r0.06Ma at the Meishan 
section (Shen et al. 2011). 
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Therefore, considering and integrating evidence from the conodont 
biostratigraphy, isotope stratigraphy and geochronology, we suggest that the 
Permian–Triassic boundary of the Zhongzhai section be maintained at the base of 
Bed 30 as originally proposed by Metcalfe & Nicoll (2007). In this case, the 
discovery of H. parvus in Bed 28a would have to be treated as an example of this 
critical species having its first local occurrence at a local section below the PTB and 
hence older than the First Appearance Datum (FAD) of the same species at the 
global PTB GSSP section in Meishan. 
Globally, the realization that the first local occurrences (FLO) of H. parvus may 
be diachronous is not new, although no previous study has reported the occurrence of 
H. parvus below the Permian–Triassic boundary. Both Baud (1996) and Shevyrev 
(2006) had both suggested that the occurrences of H. parvus could be diachronous in 
different sections. Hermann et al. (2010), based on the worldwide correlation of PTB 
carbon isotope records, also questioned the worldwide synchronicity of H. parvus as 
an absolute time marker. Similarly, Jiang et al. (2011) have also pointed out the 
potential problem that may be caused by using the diachronous occurrences of H. 
parvus as a time marker for the base of the Triassic, and they accordingly proposed 
that the PTB at the Shangsi section be placed at the middle of Bed 28a, which is 
about 2m below the FLO of H. parvus (Bed 29c) at this section (see also Mundil et 
al. 2004, p. 1760). In a recent high-resolution cyclostratigraphic study of PTB 
sequences based on astronomical tuning of cyclic sedimentary records from several 
marine PTB sections in South China, Huang et al. (2011) compared the ages of the 
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FLOs of H. parvus, and noted the possibility that the FAD of this species could be 
distinctly diachronous across different marine environments (notwithstanding that 
the PTB astronomical time scale (ATS) derived by Huang et al. will now need to be 
carefully considered in the light of a more recent study by Wu et al. 2013a; although 
this does not affect Huang’s et al. observation that the first occurrences of H. parvus 
in South China are diachronous). 
Theoretically, there could be several reasons why the FADs of a key index species 
such as H. parvus may appear diachronous in stratigraphic record (see a recent 
discussion on this aspect by Landing et al. 2013 in relation to Cambrian GSSPs). 
First, it could be due to strong facies control in that the timing of appearance of H. 
parvus in local section (or environment) may have been strongly dependent on the 
attainment of a suitable habitat for this species. Potentially, this may explain why the 
earlier occurrence of H. parvus at the Zhongzhai section in a clastic-shelf 
environment compared to the FAD of H. parvus at the Meishan GSSP section 
located in an offshore carbonate ramp setting. Second, the diachronous occurrence of 
H. parvus in different sections may simply be a reflection of differential weathering 
and preservation as a result of erosional truncation, or the Signor-Lipps effect 
(Signor & Lipps 1982), but this effect appears to be geologically negligible as far as 
the Zhongzhai section is concerned because there is no physical evidence to suggest 
any significant physical break across the PTB beds at the section (see also Shen et al. 
2011). Third, the diachroneity for the FLOs of H. parvus between different sections 
(regions) could potentially be explained by the difference in the timing of their 
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appearance in different areas as a result of differential biogeographic dispersal rates 
although this difference may not have been very significant for H. parvus 
considering the pelagic lifestyle for this species (Lai & Zhang 1999). 
In summary, the discovery of H. parvus from Bed 28a of the Zhongzhai section 
has yielded three significant stratigraphic implications. First, the first local 
occurrence (FLO) of H. parvus at this section is 18cm lower than the PTB currently 
accepted. Second, this study has highlighted the inadequateness in using the first 
occurrence of H. parvus as an exclusive chronostratigraphic marker for defining the 
base of the Triassic in marine settings. Instead, other auxiliary biostratigraphic 
indicators as well as non-biostratigraphic tools, such as G13C chemostratigraphic 
profile and radiometric ages, where available, must also be considered along with the 
first occurrence of H. parvus – this is a very significant point that recently has also 
been stressed by Finney (2013) as it is applicable to the application of all GSSPs. 
Third, although some previous studies have reported the first occurrences of H. 
parvus above the Permian–Triassic boundary in some sections, this is the first study, 
to the best of our knowledge, reporting the FLO of H. parvus below or earlier than 
the Permian–Triassic boundary in a regional section. 
 
3.2 Ammonoid and bivalve biostratigraphy 
 
In the course of this study we have also found an incomplete ammonoid 
specimen, Rotodiscoceras sp., from Bed 27c, as well as a bivalve species Claraia 
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griesbachi (Bittner, 1899) from Bed 32, both shown in Figure 3.2. 
Biostratigraphically, Rotodiscoceras sp. (from Bed 27c) is the zonal taxon of the 
Pseudotirolites–Rotodiscoceras Zone characteristic of the late Changhsingian in 
South China (Zhao et al. 1978, Yang et al. 1987). On the other hand, Claraia 
griesbachi from Bed 32, is a typical element of the Claraia wangi–C. griesbachi 
Assemblage of earliest Triassic in South China (Gao et al. 2009). Therefore, the 
biostratigraphic evidence from the ammonoid and bivalve fossils also supports the 
placement of the Permian–Triassic boundary at the base of Bed 30. 
 
3.3 Eventostratigraphy 
In addition to the important biostratigraphic markers mentioned above, the 
Permian–Triassic interval of the Zhongzhai section also contains a succession of 
rock beds that could also be used to constrain the Permian–Triassic boundary at this 
section, as well as to indicate correlation with other PTB sections. 
During the examination of conodont samples, several hexagonal dipyramid 
quartzes (Figure 3.6) were also discovered from the claystone of Bed 32 at the 
Zhongzhai section. Similar hexagonal dipyramid quartz crystals have previously 
been reported from claystone layers of both marine and non-marine PTB sections, 
where these layers have been interpreted to indicate volcanism that occurred during 
the Permian–Triassic transition (Yang et al. 1991, Wang & Yin 2001).     
Peng & Tong (1999) and Peng et al. (2001) reviewed and discussed the 
stratigraphic architecture of the Permian–Triassic boundary interval strata in South 
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China and concluded that, regardless of their original depositional environments in 
either marine or non-marine settings, the PTB interval, if complete, tends to be 
characterized by an eventostratigraphic assemblage of rock layers, called the 
Permian–Triassic boundary stratigraphic set (PTBST) (Peng et al. 2001), which 
consists of one or two claystone beds in the lower part (equivalent to Beds 25–26 of 
the Meishan GSSP section), a limestone or marl layer in the middle part (~ Bed 27 of 
the Meishan section), followed by another claystone layer in the upper part (~ Bed 
28 of the Meishan section). Although conodont biostratigraphy and geochronology 
remain the primary tool for pinpointing the Permian–Triassic boundary, the PTBST 
has also proved to be a very useful chronostratigraphic tool for identifying and 
correlating PTB sections especially in the absence of H. parvus and/or precise 
radiometric ages (Yang et al. 2005, Yu et al. 2007, Peng & Shi 2009). In this context, 
the importance of idiomorphic hexagonal dipyramid quartz crystals from Bed 32 (see 
Figure 3.6) should also be noted because they are  
 
Figure 3.6. Hexagonal dipyramid quartz crystals from Bed 32 at the Zhongzhai 
section. 
 
invariably characteristic of the claystone layers of the PTBST (Yang et al. 1991) and 
hence have chronostratigraphic significance. Thus, if we apply the PTBST as a 
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correlation tool, Bed 29 of the Zhongzhai section would be equated with Beds 25 
and 26 of the Meishan section, Bed 30 of the Zhongzhai section with Boundary 
Limestone bed (Bed 27) of the Meishan section, and the claystones of Bed 31 and 
basal Bed 32 (i.e., the basal part of this bed that contains idiomorphic hexagonal 
dipyramid quartz crystals, see Figure 3.6) of Zhongzhai with Bed 28 (claystone) of 
the Meishan section. This correlation thus strongly supports the placement of the 
PTB at the base of Bed 30 at the Zhongzhai section. 
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Chapter 4. Stratigraphic correlation 
 
This chapter focuses on the high-resolution stratigraphic correlation of the 
Zhongzhai section with five other key Permian–Triassic boundary (PTB) sections of 
South China using a multitude of stratigraphic correlation tools including 
biostratigraphy, eventostratigraphy, chemostratigraphy and, where possible, 
geochronology. These five correlative PTB sections comprise the Huangzhishan, 
Meishan, Rencunping, Majiashan and Dongpan sections. They have been chosen for 
correlation with the Zhongzhai section because they have been well studied with a 
well-defined Permian–Triassic boundary, and, together with the Zhongzhai section, 
they are collectively representative of an onshore to offshore environmental gradient 
across the South China during the Permian–Triassic transition (Figure 2.2). 
 
4.1 Conodont biostratigraphy 
The Global Stratotype Section and Point (GSSP) of the Permian–Triassic 
boundary (PTB) and the base-Changhsingian Stage has been ratified by IUGS in 
2001 (Yin et al. 2001) and 2006 (Jin et al. 2006) in the Meishan section, Changxing 
County in Zhejiang Province of South China, where recent geochronology studies of 
inter dispersed ash beds have also provided several firm radiometric age anchor 
points (Mundil et al. 2004, Shen et al. 2011). At this GSSP section, the PTB has been 
defined by the First Appearance Datum (FAD) of conodont Hindeodus parvus Kozur 
& Pjatakova, 1976, above the base of the Yinkeng Formation in Bed 27c of the  
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Figure 4.1. The 
Changhsingian to  
Early Triassic conodont 
zonations at the Meishan 
GSSP section (after 
Zhang et al. 2009a). 
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Meishan section. At this section, the base of the Changhsingian GSSP is defined by 
the FAD of the conodont Clarkina wangi within the lineage from C. longicuspidata 
to C. wangi at a point 88cm above the base of the Changxing Limestone in the lower 
part of Bed 4 (base of 4a–c) of the Meishan section. 
Based on very detailed conodont biostratigraphy at the Meishan section, Zhang et 
al. (2009a) proposed a succession of thirteen conodont biozones spanning the 
Lopingian to the Early Triassic, including the Changhsingian GSSP and PTB GSSP. 
These thirteen conodont biozones are, in ascending order: 1) Clarkina orientalis–C. 
longicuspidata Zone; 2) C. wangi Zone; 3) C. changxingensis–C. deflecta Zone; 4) 
C. yini–C. zhangi Zone; 5) C. meishanensis Zone; 6) Hindeodus changxingensis 
Zone; 7) C. taylorae Zone; 8) H. parvus Zone; 9) Isarcicella staeschei Zone; 10) I. 
isarcica Zone; 11) C. tulongensis–C. planata Zone; 12) Neospathodus kummeli 
Zone; 13) N. cristagalli–N. dieneri Zone (Figure 4.1). 
 
4.2 Ammonoid biostratigraphy 
According to Zhao et al. (1978) and Yang et al. (1987), ammonoid zonations from 
late Wuchiapingian (Late Permian) to Induan (Early Triassic) were proposed as 
Araxoceras–Konglingites–Sanyangites Zone, Tapashanites–Shevyrevites Zone, 
Pseudotirolites–Rotodiscoceras Zone, Otoceras–Hypophiceras Zone and Ophiceras 
Zone, in ascending order: 
1) Araxoceras–Konglingites–Sanyangites Zone. This zone is correlated with the 
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conodont Clarkina orientalis–C. longicuspidata Zone at the Meishan section. This 
zone indicates a late Wuchiapingian age and is widely distributed in South China and 
Eastern Tethys. 
2) Tapashanites–Shevyrevites Zone. It is equivalent to the conodont C. 
subcarinata–C. wangi Zone at the Meishan section. This zone indicates an early 
Changhsingian age and is found in the whole area of South China. 
3) Pseudotirolites–Rotodiscoceras Zone. It is correlated with the conodont C. 
changxingensis–C. deflecta Zone and C. yini–C. meishanensis Zone at the Meishan 
section. The zone indicates a late Changhsingian age across South China. 
4) Otoceras–Hypophiceras–Ophiceras Zone. It is equivalent to the Hindeodus 
parvus Zone, Isarcicella staeschei–I. isarcica Zone and C. tulongensis–C. planata 
Zone at the Meishan section. This zone indicates the earliest Triassic age and has 
been found in South China, Kashmir (Nakazawa et al. 1975, Matsuda 1981, Kapoor 
in Sweet et al. 1992, Algeo et al. 2007), India (Spiti) (Krystyn et al. 2004), eastern 
Greenland, North America and Iran (Sheng et al. 1987, Yang et al. 1987). 
 
4.3 Bivalve biostratigraphy 
In South China, bivalve fossils are quite abundant from the Late Permian to the 
Early Triassic, leading to the establishment of a number of bivalve biozones (Yin 
1983, 1985a, 1985b, Tong & Yin 2002, Rong & Fang 2004). The bivalve faunas of 
the Zhongzhai section has been studied in some details by Gao et al. (2009), who 
recognized the following four stratigraphic assemblages: 
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1) Tambanella–Pernopecten Zone (Beds 1–27) 
This bivalve assemblage also includes some other typical Late Permian bivalve 
elements (e.g., Palaeoneilo, Towapteria, Etheripecten, Girtypecten). Together with 
these elements, this zone has been correlated with the bivalve Hunanopecten Zone 
(Yin 1983, 1985b, Tong & Yin 2002), of Changhsingian age.  
2) Pteria ussurica variabilis Zone (Beds 28–31) 
This assemblage includes a mixture of earliest Triassic elements (e.g., 
Eumorphotis sp.) and Later Permian elements (Palaeoneilo sp.), thus signaling the 
coincidence with the Permian–Triassic boundary. This assemblage is equivalent to 
the Pteria–Towapteria–Promyalina Zone of Rong & Fang (2004). 
3) Claraia wangi–Eumorphotis Zone (Beds 32–54) 
In this part, Claraia wangi, C. griesbachi, C. stachei, Eumorphotis sp. and 
Eumorphotis multiformis are the typical Early Triassic elements. 
 
4.4 Stratigraphic correlation 
Figure 2.8 shows how the Zhongzhai section could be correlated with the other 
five sections located along an onshore to offshore environment gradient across South 
China during the Permian–Triassic transition. Biostratigraphically, the correlation is 
mainly based on the conodont faunas (for Zhongzhai, Huangzhishan and Meishan 
sections), supplemented by ammonoids (Majiashan, Rencunping and Dongpan 
sections). The bivalve-based biostratigraphy has only been employed as an  
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accessorial tool for the Zhongzhai section. In addition to the index fossils, we have 
also used other lines of stratigraphic evidence (e.g., carbon isotopes and U–Pb age 
dating) to constrain the correlation among these six sections across an essentially 
bathymetric continuum. The correlations are illustrated in Table 4.1 and Figure 2.8. 
A few important points have emerged from these correlations that should be noted 
here:  
1) The Meishan GSSP section contains the most complete conodont biozone 
succession serving the standard for the correlation of the other five PTB sections 
(Figure 2.8).  
2) Locally (e.g., the Zhongzhai section), the first local occurrence of Hindeodus 
parvus could be lower than the Permian–Triassic boundary that is defined and 
constrained by other chronostratigraphic tools such as carbon isotope curves and U–
Pb ages, as well as critical non-conodont biostratigraphic markers (e.g., bivalves and 
ammonoid index fossils).  
3) At the Rencunping section, although the conodont zones had been studied by 
Tian (1993a), but this study was not detailed enough to distinguish either the 
Wuchiapingian–Changhsingian boundary or the Permian–Triassic boundary. 
Fortunately, ammonoid biostratigraphy, according to Zhang et al. (2009b), appears to 
indicate unequivocal presence of the Wuchiapingian–Changhsingian boundary as 
well as the Permian–Triassic boundary.  
4) For the Majiashan section, no conodont zone of the Lopingian to the earliest 
Triassic has ever been reported, probably a reflection of its relatively deep-water 
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setting. However, we have found a succession of ammonoid zones spanning the Late 
Permian–Early Triassic transition: the Araxoceras–Konglingites–Sanyangites Zone 
represents the Wuchiapingian, the Tapashanites–Shevyrevites Zone of the early 
Changhsingian, the Pseudotirolites–Rotodiscoceras Zone of the late Changhsingian, 
and the Ophiceras–Lytophiceras Zone of the earliest Triassic (Table 4.1).  
5) For the Huangzhishan section, Chen et al. (2009b) have reported the Permian–
Triassic boundary at this section, as well as several conodont zones from the 
uppermost Permian part of this section. These conodont zones, may not be as 
complete as those in the Meishan section but still can play a crucial role for 
constraining the age of brachiopods extinction pattern at this section with respect to 
the PTB.  
6) The Dongpan section represents the deepest environmental setting among all 
the six sections concerned here. It has yielded some latest Permian and earliest 
Triassic ammonoid fossils that have been correlated to the Pseudotirolites–
Rotodiscoceras Zone and Ophiceras–Lytophiceras Zone (see Bu et al. 2006) (Table 
4.1). In addition, Wu & Feng (2008) and Luo et al. (2008a) have both reported the 
conodont Clarkina yini Zone (Beds 2 to 5) in this section, pointing to a strong 
correlation with Bed 24 of the Meishan section. 
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Chapter 5. Changhsingian brachiopod assemblages in South China 
 
A larger number of studies have been published on Permian brachiopod faunas 
from a variety of different depositional settings in South China, ranging from 
nearshore clastic-shelf, shallow-water carbonate platforms, through offshore 
carbonate ramps to slope to bathyal deep sea (Zhang & Jin 1961, Feng & Jiang 1978, 
Jin & Hu 1978, Zhan in Hou et al. 1979, Liao 1979, 1980a, 1980b, 1984, 1987, Zhao 
et al. 1981, Hu 1983, 1989, Yang in Feng et al. 1984, Zhao & Tan 1984a, 1984b, Jin 
& Fang 1985, Li et al. 1986a, Liao & Meng 1986, Chang 1987, Yang et al. 1987, Li 
et al. 1989, Yang 1991, Shen et al. 1992, 1996, Zhang et al. 1993, Shen & He 1994b, 
Xu & Grant 1994, Zeng et al. 1995, Chen et al. 2000, 2006, 2009a, 2009b, Shen & 
Archbold 2002, Campi & Shi 2005, He et al. 2005, 2007c, 2012, 2014, Chen & Liao 
2007, Shen & Shi 2007, 2009, Zhang & He 2009, Zhang et al. 2013, 2014a) (Figure 
5.1). 
Particularly, Changhsingian sedimentary facies and environments in South China 
are represented by highly distinct rock types. For example, the shallow-water 
carbonate platform facies is typically characterised by limestones belonging to the 
Changxing Formation; the shallow-water clastic-shelf settings by mudstone, siltstone 
and sandstone generally assigned to the Longtan Formation; and the deep-water 
siliciclastic basinal facies by siliceous rocks known as the Dalong Formation. 
Changhsingian brachiopods are present in all these depositional environments, and 
they are abundant and widespread in South China. As such, Changhsingian  
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Figure 5.1. Localities of Permian–Early Triassic brachiopod sections in South China 
(1, Pingdingshan; 2, Majiashan; 3, Bailujian; 4, Dushan; 5, Longshanwa; 6, Xiaodushan; 7, 
Niutoushan; 8, Chafeicun; 9, Wangcunjing; 10, Shuizhutang; 11, Renxingshan; 12, Tangtian; 13, 
Qiu’erling; 14, Niuxingshan; 15, Suishiling; 16, Shuidong; 17, Zhengpanshan; 18, Guanshan; 19, 
Yashan; 20, Hushan; 21, Xin’an; 22, Baiyangtang; 23, Baoqing; 24, Meishan; 25, Fengjing; 26, 
Xinhuai; 27, Huangzhishan; 28, Hejiashan; 29, Yanshizhen; 30, Yongding; 31, Chetouduan; 32, 
Ji’an; 33, Xiafang; 34, Shixingshan; 35, Shatian; 36, Guanyinshan; 37, Mao’ershan; 38, 
Sanxikou; 39, Jiaxinggou; 40, Xintan; 41, Guangjiayan; 42, Daxiakou; 43, Xiaoxingchuan; 44, 
Sansheng; 45, Muyupu; 46, Rencunping; 47, Nandouxi; 48, Yunanxi; 49, Taozixi; 50, Leiyang; 
51, Tongmuqiao; 52, Sanhe; 53, Dapaichong; 54, Yuanjia; 55, Xiaoyuanchong; 56, Meitian; 57, 
Gedingzhai; 58, Meigang; 59, Wenfu; 60, Baokeng; 61, Chashan; 62, Shuangshan; 63, Liyutian; 
64, Sankoujiang; 65, Shuizhutang; 66, Damaikong; 67, Bao’an; 68, Yatian; 69, Ma’an; 70, 
Dongpan; 71, Matan; 72, Paoshui; 73, Penglaitan; 74, Heshan; 75, Wuguiling; 76, Longlin; 77, 
Xiaobaihu; 78, Qingyun; 79, Yangchang; 80, Huoshaopu; 81, Zhongying; 82, Langdai; 83, 
Zhichang; 84, Lanba; 85, Zhongling; 86, Damaochang; 87, Pingqiao; 88, Yanbeihou; 89, A’gong; 
90, Zhuzang; 91, Liuchang; 92, Bulang; 93, Jiaozishan; 94, Liuchang; 95, Wenjiangsi; 96, 
Shizipu; 97, Tongzi; 98, Daijiagou; 99, Chuanyan; 100, Yutangjiao; 101, Jijiang; 102, 
Banzhuyuan; 103, Taiping; 104, Yutianbao; 105, Beifengjing; 106, Liangfengya; 107, Beibei; 
108, Yanjingxi; 109, Liziya; 110, Mulongdong; 111, Guang’an; 112, Shangsi; 113, Xindianzi; 
114, Xikou).  
65 
 
brachiopods of South China have drawn the attention of many palaeontologists over 
several decades (Liao 1979, Xu & Grant 1992, Shen et al. 1995, He & Shi 1996). In 
this chapter, we have provided an updated review of all previously recognised 
Changhsingian brachiopod assemblages in South China (Table 5.1), leading to the 
simplification and characterisation of these assemblages as well as a recognition and 
establishment of a new Changhsingian brachiopod assemblage representing the 
nearshore clastic-shelf environment. 
Palaeogeographically, the shallow-water clastic-shelf was widely distributed in 
the Changhsingian of South China, especially in its southeastern part (Guangdong 
and Fujian provinces) and western part (Guizhou Province), where economically 
important coal-bearing strata appear in South China (Feng et al. 1994, 1997), 
including the Zhongzhai PTB section. Here, the brachiopod assemblage is clearly 
distinguished from those found in the deep-water clastic (siliciclastic) facies. 
Therefore, it is necessary to divide the clastic rock facies into the nearshore clastic-
shelf facies and the deep-water siliciclastic facies. These two facies, together with 
the shallow-water carbonate platform facies, collectively represent the three key 
marine depositional environments in South China during the Changhsingian, each 
distinguished by its own brachiopod assemblages, as detailed further below. 
 
5.1 Review of regional Changhsingian brachiopod assemblages 
5.1.1 Eastern part of South China 
Zhan (in Hou et al. 1979) documented the Changhsingian brachiopod fauna from  
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the ‘Changxing’ Formation in Guangdong Province, which was characterized by 
Tethyochonetes, Neochonetes and Crurithyris (Figure 5.2 and Table 5.1). It seems that this 
‘unique’ brachiopod fauna is quite different from the shallow-water carbonate platform 
assemblage proposed by Liao (1979). Actually, when Hou et al. (1979, pp 32, 33) described 
the ‘Changxing’ Formation in this region, they discussed the transitional nature in rock types 
in this area that seem to have characteristics of both the Changxing Formation and the Dalong 
Formation. Nothing, that 1) the siliceous composition here increases from the lower part to 
the upper part of the ‘Changxing’ Formation; 2) the upper part of the ‘Changxing’ limestone 
sometimes gradually grades into the ‘Dalong layers’ characterized by siliceous limestone and 
other siliceous rocks. Therefore, it appears more appropriate to place this brachiopod 
assemblage into the deep-water siliciclastic facies rather than in the shallow-water carbonate 
platform facies.  
He et al. (1979) reported the Oldhamina grandis–Chonetella simplica Assemblage to 
represent the ‘Changxing’ Formation in central Jiangxi Province (Yichun City area) (Figure 
5.2 and Table 5.1). However, it is noticeable that the lower and upper parts of the 
‘Changxing’ Formation here mainly contain siliceous rock layers and limestone layers. 
Therefore, this formation (except the middle part which is mainly formed by limestones) 
seems to be of mixed lithology between the Changxing Formation and Dalong Formation. 
Liao (1984) suggested the Paryphella–Paracrurithyris Assemblage and Spinomarginifera 
alpha–Alphaneospirifer–Oldhamina–Perigeyerella Assemblage to respectively represent the 
Dalong Formation and Changxing Formation in the Lower Yangtze Area (Anhui, Jiangsu and 
Zhejiang provinces) (Figure 5.2 and Table 5.1). Zhu (1990, p. 31) reported the Oldhamina 
squamosa–Spinomarginifera alpha Assemblage for the shallow-water carbonate platform 
facies in the Changhsingian in Fujian Province (Figure 5.2 and Table 5.1).  
In southern Hunan Province (Chenzhou City and Jiahe County area) (Figure 5.2 and Table 
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5.1), Zhang et al. (1993) proposed the Peltichia sinensis–Acosarina dorsisulcata Assemblage 
for the early Changhsingian in the ‘Dalong’ Formation from the Huatang area. However, the 
description of the Dalong Formation by Zhang et al. (1993, pp 37, 38) suggests that the 
lithology of the formation is composed of siliceous rocks and siliceous limestones in the 
lower part and shallow-water carbonate rocks in the upper part. As a result, it should be 
placed into the Changxing Formation. Thus, this early Changhsingian assemblage should 
represent the brachiopod fauna in the lower part of the Changxing Formation. In addition, this 
assemblage also contained some common Late Permian brachiopod elements in South China, 
such as: Acosarina indica, Oldhamina decipiens and Spinomarginifera kueichowensis. For 
the late Changhsingian, the Perigeyerella fastigata–Semibrachthyris anshunensis 
Assemblage from the upper part of the Changxing Formation was proposed, which, in 
addition to the two nominal species, also includes Squamularia, Martinia, Araxathyris, 
Spinomarginifera and Haydenella kiangsiensis. Although there was no formal brachiopod 
assemblage proposed for the Dalong Formation in this region, the small-sized chonetid 
brachiopods were stated to be the main elements of this fauna, as are other deep-water 
brachiopod faunas in South China. 
Wu & He (1999) adopted the Tethyochonetes–Crurithyris–Chonetes Assemblage to 
represent the Dalong Formation, Tethyochonetes–Crurithyris and Oldhamina–
Spinomarginifera alpha to represent the Changxing Formation in the Lower Yangtze Region 
(western Anhui and eastern Jiangsu provinces) (Figure 5.2 and Table 5.1). 
 
 
5.1.2 Western part of South China 
In the western part of South China, Liao (1980a, p. 42) suggested the Peltichia zigzag–
Spinomarginifera chengyaoyenensis Assemblage and Paryphella sinuata–Paracrurithyris 
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pygmaea Assemblage for the limestone facies and siliciclastic facies in western Guizhou and 
eastern Yunnan provinces (Figure 5.2 and Table 5.1).  
Lin (in Feng et al. 1984, p. 75, see Table 5.1) proposed the Squamularia grandis–
Richthofenia sinensis as the representative brachiopod assemblage for the Changxing 
Formation in the Yangtze Gorges Area (Figure 5.2 and Table 5.1). Apparently, this is a unique 
regional Changhsingian brachiopod assemblage well distinguished from others in South 
China, although Squamularia also occurs as a main element in the Changhsingian brachiopod 
fauna in southern Hunan Province (Zhang et al. 1993). Additionally, this brachiopod fauna 
still possesses some other main brachiopod elements which are common in South China, such 
as: Peltichia sinensis, Meeklla deltoids, Neochonetes (Huangichonetes) substrophomenoides, 
Tethyochonetes chaoi and Haydenella wenganensis. According to Feng et al. (1984, p. 109), 
the Changxing Formation in this region either grades into the Dalong Formation (in Zigui 
County) or is completely replaced by the Dalong Formation (in Badong, Jianshi and Wufeng 
counties), suggesting a mixed transitional carbonate–siliciclastic depositional setting. This 
interpretation is consistent with the appearance of a mixed brachiopod fauna that includes 
both the shallow-water carbonate facies brachiopod elements (e.g., Peltichia sinensis) and 
deep-water siliciclastic facies species (e.g., Tethyochonetes chaoi). 
Zhan et al. (in Li et al. 1989, pp 40, 41) proposed two Changhsingian brachiopod 
assemblages, Paryphella sinuata–Crurithyris for the deep-water siliciclastic facies (Dalong 
Formation) and Peltichia sinensis–Oldhamina for the shallow-water carbonate platform 
facies (Longdongchuan Formation, characterized by bioclastic limestone and algal limestone) 
in northern Sichuan and southern Shaanxi provinces (Figure 5.2 and Table 5.1).  
Shen & He (1994b) reported four brachiopod assemblages for the Changhsingian 
(Changxing Formation for the early Changhsingian and Dalong Formation for the late 
Changhsingian) in central Guizhou Province (Guiding area) (Figure 5.2 and Table 5.1). From 
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the lower part to upper part of the Changxing Formation, the brachiopod zones proposed 
were Meekella kueichowensis–Orthothetina frechi, Orthothetina eusarkos–Alphaneospirifer 
anshunensis and Peltichia transversa; and the Tethyochonetes pygmaea–Paryphella 
transversa Assemblage represents the Dalong Formation.  
Shen et al. (1995) proposed Neochonetes (Huangichonetes) substrophomenoides–
Notothyris crassa–Tethyochonetes pygmaea Assemblage for the late Changhsingian shallow-
water facies (mainly includes limestone, intercalated with a few mudstone layers) in eastern 
Sichuan, Chongqing and northern Guizhou provinces (Figure 5.2 and Table 5.1). However, it 
may be inappropriate to adopt this assemblage to represent the late Changhsingian. According 
to the stratigraphic record in South China, both Neochonetes and Tethyochonetes are 
abundant brachiopod genera in the whole of Changhsingian and may also present even in late 
Wuchiapingian (Wu et al. 2013b). [For example, at the Majiashan section, one of the most 
abundant brachiopod species (Tethyochonetes pygmaea) is found throughout the whole 
Changhsingian (He et al. 2010); at the Huayingshan (Chongqing City), the Tethyochonetes 
soochowensis–Neochonetes (Huangichonetes) substrophomenoides occurs in the middle part 
of the Longtan Formation, of ?late Wuchiapingian, see Zeng 1983]. 
Zeng (1983) first reported the Acosarina dorashamensis–Araxathyris timorensis and 
Peltichia zigzag–Perigeyerella costellata for the lower part and upper part of the Changxing 
Formation in Chongqing City (Huayingshan) (Figure 5.2 and Table 5.1). Subsequently, Zeng 
et al. (1995, pp 35–38) proposed the Changhsingian brachiopod assemblage Peltichia–
Perigeyerella–Araxathyris to represent the shallow-water carbonate platform facies 
brachiopod fauna in this area. Zeng et al. (1986, 2004, 2007) recorded the Oldhamina–
Meekella Assemblage for the shallow-water mixed facies [mud flat and carbonate platform 
facies, relatively high energy environment, Zeng et al. 2007] in the early Changhsingian and 
Araxathyris–Spinomarginifera–Prelissorhychia Assemblage for shallow-water carbonate 
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platform facies in the late Changhsingian in southeastern Sichuan Province (Figure 5.2 and 
Table 5.1). Zhu & Zhang (1992) reported the Spinomarginifera chengyaoyenensis–
Qinglongia acutangulum Assemblage and Perigeyerella costellata–Peltichia transversa 
Assemblage, respectively for the lower part and upper part of the Changxing Formation in 
Chongqing City (Zhongliangshan area) (Figure 5.2 and Table 5.1). In addition, 
Spinomarginifera and Perigeyerella are the most dominant genera within this brachiopod 
fauna, therefore, the fauna of the whole Changxing Formation can be represented by the 
Spinomarginifera–Perigeyerella Assemblage (Zhu & Zhang 1992). Shen et al. (1996) 
reported the Laterispina parallela–Spinomarginifera chengyaoyenensis Assemblage for the 
Changxing Formation in Chongqing City (Nantong area) (Figure 5.2 and Table 5.1). 
 
5.2 Review of existing Changhsingian brachiopod assemblages in South China 
 
Liao (1979) initially proposed two distinctive Changhsingian brachiopod assemblages to 
represent two different depositional facies and environments for the whole Changhsingian of 
South China: the Peltichia zigzag–Spinomarginifera alpha Assemblage for the shallow-water 
carbonate platform facies, and the Paryphella sinuata–Paracrurithyris pygmaea Assemblage 
for the deep-water siliciclastic facies.    
On the other hand, Xu in Yang et al. (1987, pp 47, 48) and Yang & Li (1992) 
recommended the Peltichia zigzag–Prelissorhychia pseudoutah Assemblage for the early 
Changhsingian and the Tethyochonetes chaoi–Orbicoelia pusilla Assemblage for the late 
Changhsingian in South China. Additionally, Xu & Grant (1992) and Xu & Grant (1994) 
suggested the Paryphella sinuata–Tethyochonetes chaoi Assemblage and Cathaysia 
chonetoides–Neochonetes (Huangichonetes) substrophomenoides Assemblage respectively 
for the early Changhsingian and late Changhsingian in the clastic lithofacies, and the 
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Spirigerella discusella–Acosarina minuta Assemblage and Peltichia zigzag–Prelissorhychia 
triplicatioid respectively for the early and late Changhsingian in the limestone lithofacies in 
South China. 
Subsequently, Sheng & Jin (1994) adopted the Peltichia zigzag–Spinomarginifera 
chengyaoyenensis Assemblage to represent the whole Changhsingian in South China. In the 
same year, on the basis of detailed researches of brachiopod faunas from eastern Sichuan 
Province and the previous publication from representative sections in Guangxi, Guangdong, 
Hunan and Zhejiang provinces, Shen & He (1994a) proposed three brachiopod assemblages 
for the Changhsingian in South China, there are Derbyia guangdongensis–Oldhamina 
squamosa–Orthothetina eusarkos, Peltichia transversa–Perigeyerella costellata and 
Tethyochonetes pygmaea–Neochonetes (Huangichonetes) substrophomenoides–Notothyris 
crassa in ascending order, which was also referred by He & Shi (1996). Yang et al. (1997) 
recommended the Spinomarginifera chengyaoyenensis–Prelissorhychia pseudoutah and 
Peltichia zigzag–Spinomarginifera kueichowensis respectively for the late and early 
Changhsingian in South China. 
 
5.3 Discussion 
 
It appears clear from the above descriptions of regional Changhsingian brachiopod 
assemblages across South China that the palaeogeographic and palaeoenvironmental 
occurrences of brachiopod species are highly variable, even within one single depositional 
environment. For example, Oldhamina squamosa and O. grandis are the main species of the 
shallow-water carbonate assemblage in Fujian and Jiangxi  provinces, whereas Peltichia 
sinensis and P. zigzag are the key species of the shallow-water carbonate assemblage in 
Sichuan–Shaanxi and Guizhou provinces. Thus it would appear that species are not robust  
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and specific enough to be used to define brachiopod assemblage characteristic of particular 
environment; instead the genus-level assemblages therefore are recommended in this chapter. 
 
5.3.1 Changhsingian deep-water brachiopod assemblage  
The Dalong Formation, the most representative Changhsingian deep-water unit in South 
China, has attracted much less attention in the studies of brachiopod assemblages compared 
with those in the carbonate platform facies. However, the similar Changhsingian brachiopod 
assemblages of deep-water (without quantitative systematic studies ) were also thought to be 
true in the Lower Yangtze Region (Jiangsu and Anhui provinces) (Liao 1984, Wu & He 
1999), the Upper Yangtze Region (Guizhou Province) (Liao 1980a, Shen & He 1994b) and 
Guangdong Province (Zhan in Hou et al. 1979), and four genera (Tethyochonetes, 
Paryphella, Neochonetes and Paracrurithyris) have been generally and widely regarded as 
being common in the Dalong Formation. 
However, significant recent (and ongoing) researches have been undertaken by Professor 
W.H. He and her team in China. In their monographic study, He et al. (2014) examined and 
documented extensive brachiopod collections from a number of deep-water sections 
[including Hushan section (Jiangsu Province); Majiashan section (Anhui Province); 
Xiejiaping and Dengcaoba sections (Hubei Province); Rencunping section (Hunan Province); 
Shaiwa, Xinmin and Duanshan sections (Guizhou Province); Dongpan, Shangname, Liuqiao 
and Paibi sections (Guangxi Province)]. Among these deep-water brachiopod faunas, 
Tethyochonetes, Paracrurithyris and Paryphella are the most abundant genera in these 
sections. For example, at the Majiashan section (He et al. 2010 and unpublished data), these 
three genera were stated to be the dominant brachiopod groups within 3510 brachiopod 
specimens collected. Notably, Neochonetes does not show any ecological dominance in deep-
water environments. On this basis, the genus combination of Tethyochonetes–
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Paracrurithyris–Paryphella is here proposed as the representative Changhsingian brachiopod 
assemblage for the deep-water siliciclastic facies in South China (Figure 5.3). 
 
5.3.2 Changhsingian brachiopod assemblage in shallow-water clastic-shelf facies 
The Zhongzhai brachiopod fauna, fully documented in this thesis, is here proposed to 
present Changhsingian brachiopod faunas in shallow-water clastic-shelf facies. Of the 7627 
complete brachiopod specimens representing sixty-four species (including undetermined 
species and comparative species) (Zhang et al. 2013, 2014a, and this thesis), the combined 
numbers of Neochonetes and Tethyochonetes make more than 80%, and they both occur in 
most of the brachiopod-bearing horizons, except Beds 12 and 14 where these two genera 
collectively make between 60% and 70% (see Chapter 7 for details). Neochonetes 
(Huangichonetes) substrophomenoides and Neochonetes (Sommeriella) strophomenoides are 
the dominant species in Neochonetes, whilst Tethyochonetes is dominated by T. quadrata and 
T. pygmaea. As also discussed in Chapter 7, Neochonetes were more abundant than 
Tethyochonetes in the lower part of this section (Beds 4, 6, 12, and 14), and then their 
dominance role is reversed with Tethyochonetes becoming more dominant in the upper part 
(Bed 27–1, 27–2, 27–3, 27–4, 27–5 and 27–6). Thus, the Changhsingian brachiopod fauna in 
shallow-water clastic-shelf facies could be characterized by the Neochonetes–Tethyochonetes 
Assemblage (Figure 5.3). It is also noticeable that the alternating relationship in dominance 
between the two genera is very significant in the Zhongzhai section and might also exist in 
some other depositional environments in the Changhsingian of South China (e.g., see Wu et 
al. 2013b on the latter speculation). 
This assemblage resembles the Neochonetes (Huangichonetes) substrophomenoides–
Notothyris crassa–Tethyochonetes pygmaea Assemblage proposed by Shen et al. (1995), but 
the latter represents the shallow-water carbonate depositional environment. Comparing the 
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brachiopod assemblages between the shallow-water clastic-shelf facies and deep-water 
siliciclastic facies, one would immediately notice one key difference in taxonomic 
composition in that Paracrurithyris flourished in deep-water environments, as was 
Neochonetes in shallow-water environments. Although Neochonetes had previously been 
used to name a Changhsingian brachiopod assemblage in Guangdong (Zhan in Hou et al. 
1979) (Table 5.1), the likely reason is that the Changhsingian strata in this region are 
represented by clastic-shelf facies (Wangpanli Formation), carbonate facies (Changxing 
Formation) and also deep-water siliciclastic facies (Dalong Formation), and abundant 
Neochonetes may only have occurred in the clastic-shelf facies (Wangpanli Formation), 
rather than in the overlying shallow-water carbonate (Changxing Formation) or deep-water 
siliciclastic units (Dalong Formation). 
 
5.3.3 Changhsingian brachiopod assemblage in shallow-water carbonate platform facies 
In regards to the shallow-water carbonate platform facies, Liao’s (1979) proposal is 
followed here (Figure 5.3). In addition, according to previous literatures, Oldhamina is also a 
common brachiopod genus in the Changhsingian of South China (such as: Sichuan and 
Shaanxi provinces, Zeng et al. 1986, 2004, 2007; Zhan et al. in Li et al. 1989; Hunan 
Province, Zhang et al. 1993; Jiangxi Province, He et al. 1979; Fujian Province, Zhu 1990; 
Zhejiang, Jiangsu and Anhui provinces, Liao 1984, Wu & He 1999). Therefore, the 
Spinomarginifera–Peltichia–Oldhamina Assemblage is suggested to be adopted for the 
shallow-water carbonate platform facies. 
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Chapter 6. Diversity change and extinction pattern of the Zhongzhai 
brachiopod fauna 
 
 In the past several decades, numerous studies have reported on Permian–Triassic boundary 
sections and associated brachiopod faunas from the carbonate platform settings of South 
China (Jin & Hu 1978, Liao 1984, Liao & Meng 1986, Shen et al. 1992, Shen & He 1994a, 
Xu & Grant 1994, Zeng et al. 1995, Chen & Liao 2007), but relatively only a few 
publications have described the brachiopod faunas from the near-shore shallow-marine 
clastic-shelf depositional environments (Zhan in Hou et al. 1979, Liao 1980a, Zhu 1990, 
Shen et al. 1995) or, for that matter, from offshore deep-water facies (Liao 1987, He et al. 
2005, 2007b, 2007c, Chen et al. 2006, 2009a, Zhang & He 2009, He et al. 2014), despite 
their significance of these faunas in providing a more complete understanding of how the rate 
and timing the end-Permian mass extinction might have varied across different water depths. 
The brachiopod fossils from the Zhongzhai section studied in this thesis represent the 
shallow-water clastic-shelf facies, and hence a full documentation of this brachiopod fauna 
and analysis of its stratigraphic patterns of diversity change, extinction, palaeoecology and 
body size changes will add significant data to a better understanding of the end-Permian mass 
extinction and extinction drivers, which are the main aims in this chapter and are also referred 
to in Chapters 7 & 8. 
 
6.1. Materials 
We collected 7627 brachiopod specimens from the upper part of the Longtan Formation 
(Beds 2, 3, 4, 6, 7, 10, 12, 14, 16, 25, 27, 28) and the lower part of the Yelang Formation 
(Beds 30, 32, 33, 36, 37) in the Zhongzhai section. Due to the excellent preservation, most of 
the specimens are complete individuals, presenting an ideal condition for taxonomy (Chapter 
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10), body size change studies (Chapter 8) and an analysis of diversity change and extinction 
pattern throughout the section. Only a few specimens are incomplete, but still with at least 
2/3 of shell preserved. 
 
6.2 Statistical determination of the extinction horizons of the Zhongzhai 
brachiopod fauna 
6.2.1 Methods 
We have used the rarefaction (Sanders 1968) method to test the relative robustness of our 
bed-by-bed sampling regime (Figure 6.1). In addition to its utility as a measure of sampling 
efficiency, the rarefaction method elsewhere has also be used as a proxy to measure and 
compare the relative species richness or diversity of samples (e.g., Song et al. 2013, Huang et 
al. 2014a). In this study, rarefaction analysis was performed for the samples in Beds 4, 6, 12, 
14, 27–1, 27–2, 27–3, 27–4, 27–5 and 27–6 by using the software PAST (Palaeontological 
Statistics, http://folk.uio.no/ohammer/past/, Hammer et al. 2001). Other stratigraphic beds 
were not analysed because they lack brachiopod fossils. 
Following the rarefaction analysis, a statistical procedure known as the ‘likelihood ratio’ 
(Casella & Berger 2002) was employed to find and locate the stratigraphic horizon in the 
Zhongzhai section at which a statistically most significant extinction event may have 
occurred among the brachiopods, after accounting for the Signor–Lipps effect (Signor & 
Lipps 1982).  
In this study, we used the method of the likelihood ratio (Wang & Everson 2007) to 
measure the strength of evidence against the null hypothesis [H0: θ1 = t1, θ2 = t2, …, θS = tS 
(the S represents the number of species in a section which are victims in the extinction; the 
θ1, …, θS show the unknown true extinction times from species 1 to S, and the t1, …, tS are 
the hypothesized extinction times to be tested)]. The likelihood ratio statistic (λ) is expressed  
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Figure 6.1. Rarefaction analysis for sampled brachiopod-bearing beds (Beds 4, 6, 12, 14, 27–
1, 27–2, 27–3, 27–4, 27–5 and 27–6) at the Zhongzhai section. 
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where ti is the hypothesized extinction time for species i to be tested, yi is the uppermost 
fossil occurrence for species i, ni is the number of fossil occurrences for species i in a section. 
H0 will be rejected if the value of λ is significantly large, which is corresponding to a p-value 
less than 0.05. 
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When H0 is true, the test statistic –2log λ has a chi-square distribution with 2S degrees of 
freedom. We therefore reject H0 when 
–2 log λ > Χ22S, .95………………………………………..………………………. Formula 3 
where Χ22S, .95 represents the 95th percentile of the chi-square distribution with 2S degrees of 
freedom. 
In this test, it is critical that the absolute ages of the last appearance datum of taxa are 
known (Wang & Everson 2007, Song et al. 2013). In the case of the Zhongzhai section, the 
absolute ages are only known for Beds 29 and 31 from Shen et al. (2011, based on the U–Pb 
geochronology), and the sedimentary rates of the lower layers (Beds 4, 6, 12, 14 and 27, 
mudstone or siltstone) are significantly different from Bed 30 (limestone), therefore ages of 
these brachiopod-bearing rock beds are difficult to be estimated. Fortunately, several previous 
studies have suggested and used the thickness of the strata as a substitute for the absolute age 
for the last appearance datum of taxa (e.g., Strauss & Sadler 1989, Solow 1996, 2003, Solow 
& Smith 2000, Wang & Marshall 2004). Following this rational, we have used the strata 
thickness (measured from the base of the section) at the top of each brachiopod-bearing 
horizon (Figure 6.2) as a proxy to the age (variable t) in formulae 1 & 2 above.  
 
6.2.2 Results 
6.2.2.1 Diversity changes 
Rarefaction analysis employed here, indicates that most of the layers (Beds 4, 6, 12, 27–2, 
27–3, 27–4 and 27–5) have relatively complete samplings as evident from the asymptotic 
trends of their respective rarefaction curves. But for some fossil horizons (Bed 27–6, 
especially Beds 14 and 27–1), the curves have not reached their asymptotes, suggesting these 
beds most likely have not been sufficiently sampled (Figure 6.1). 
The diversity changes of the Zhongzhai section could be divided into three stages, as  
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Figure 6.2. Stratigraphic distribution (range charts) of brachiopod species in the Zhongzhai 
section: 1, Orbiculoidea yangkangensis; 2, O. anhuiensis; 3, Paracrurithyris pygmaea; 4, 
Orbiculoidea sp. 1; 5, O. elegans; 6, O. sp. 2; 7, Orbiculoidea sp. cf. O. elegans; 8, 
Neochonetes (Sommeriella) waterhousei; 9, Orbicoelia sp. cf. O. speciosa; 10, Orthotichia 
sp.; 11, Spinomarginifera chengyaoyenensis; 12, S. sintanensis; 13, Spinomarginifera sp. cf. 
S. sintanensis; 14, Orthothetina regularis; 15, Orbicoelia comcincta; 16, Peltichia zigzag; 17, 
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Orbiculoidea nucleola; 18, Orthothetina frechi; 19, Neochonetes (Huangichonetes) 
substrophomenoides; 20, Neochonetes (Sommeriella) strophomenoides; 21, Tethyochonetes 
pygmaea; 22, T. quadrata; 23, Neochonetes (Zhongyingia) zhongyingensis; 24, 
Tethyochonetes flatus; 25, T. sheni; 26, T. chaoi; 27, Tethyochonetes minor; 28, Orbicoelia 
speciosa; 29, Tethyochonetes cheni; 30, Orbiculoidea qinglongensis; 31, Neochonetes 
(Zhongyingia) transversa; 32, Oldhamina interrupta; 33, Paryphella elegantula; 34, 
Neochonetes (Huangichonetes) regularis; 35, Schizophoria sp.; 36, Tethyochonetes 
wongiana; 37, T. longtanensis; 38, Neochonetes (Huangichonetes) archboldi; 39, 
Neochonetes (Sommeriella) rectangularis; 40, Acosarina minuta; 41, Prelissorhychia 
pseudoutah; 42, Spinomarginifera kueichowensis; 43, Leptodus sp.; 44, Songzichonetes sp.; 
45, Neochonetes (Huangichonetes) genuiculatus; 46, Pygmochonetes sp.; 47, Paryphella 
triquetra; 48, Spinomarginifera alpha; 49, Tethyochonetes guizhouensis; 50, Orbiculoidea 
liaoi; 51, Paryphella acutula; 52, P. orbicularis; 53, P. sinuata; 54, Tethyochonetes 
soochowensis; 55, Neochonetes (Huangichonetes) sp.; 56, Neochonetes semicircularis; 57, 
Araxathyris guizhouensis; 58, Lingularia sp.; 59, Scglottidia sp.; 60, Lingula fuyuanensis; 61, 
Lingula acutangula; 62, Lingularia rhomboformis; 63, Scglottidia archboldi; 64, Lingula 
borealis. The strata thickness (indicated by pink horizontal arrows) equal the distance from 
the bottom of this section to the uppermost horizon of each species. 
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follows: 1) in the lower part (Beds 4, 12, 14 and 16), the diversity (species richness) of 
brachiopods keeps relative low (these four beds have yielded 18, 28, 22 and 11 brachiopod 
species respectively); 2) in the Permian–Triassic boundary interval, the number of brachiopod 
species rises to 44 in the Bed 27 and then sharply drops to 1 in Bed 28; 3) the brachiopod 
fauna remains in very low diversity level in the lowermost Triassic (from Beds 30 to 46), 
with brachiopod species numbers fluctuating between 1 and 5 (Figure 6.2). 
 
6.2.2.2 Statistically determined most significant extinction horizon 
By using the likelihood ratio method, we carried out a number of statistical tests to 
determine the horizon at which the most significant extinction occurred among the 
brachiopods. We first tested the null hypothesis that all brachiopods species became extinct 
simultaneously (Figure 6.2). The 95th percentile of this distribution is Χ2128, .95=156. The 
calculated value of –2 log λ: 
4.236log-22log-
64
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i
i t
ynO  
This value (236.4) is significantly larger than the 95th percentile of this distribution and 
therefore the null hypothesis is rejected. This means that not all the brachiopod species 
became extinct simultaneously at the Zhongzhai section. 
We then tested another null hypothesis that the fifty-six brachiopod species, all with their 
uppermost occurrences below the bottom of Bed 28, went extinct simultaneously (Figure 
6.2). The 95th percentile of this distribution is Χ2112, .95=137. The calculated value of –2log λ: 
9.12log-22log-
56
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This value (12.9) is significantly smaller than the 95th percentile of this distribution and fails 
to reject the null hypothesis. Therefore, it determines that these 56 brachiopod species 
85 
 
became extinct simultaneously at the bottom of Bed 28 or between Beds 27 and 28.  
 
6.3 Comparison with the end-Permian brachiopod extinction patterns in other 
PTB sections of South China 
 
In order to understand whether or not the end-Permian brachiopod extinction patterns in 
South China had any bearing on the extent of environmental control especially in terms of 
water depth, the brachiopod extinction pattern of the Zhongzhai section was compared with 
those of five other PTB sections, which were chosen because they, including the Zhongzhai 
section, represent a nearshore to offshore environmental continuum across the South China 
Platform, ranging from a shallow-water clastic-shelf facies (Zhongzhai section) through 
shallow-water carbonate platform facies (Huangzhishan and Meishan sections) to deep-water 
siliciclastic facies (Rencunping, Majiashan and Dongpan sections) (Figure 2.2). 
 
As already discussed (see Chapter 4), all these six sections contain high-resolution 
biostratigraphical, carbon isotope stratigraphic and/or geochronological (radiometric) as well 
as eventostratigraphic data pertaining to the Permian–Triassic boundary interval including the 
PTB itself (Figure 6.3). Moreover, these six sections have yielded a variable degree of 
brachiopod faunas, enabling a meaningful comparison of the end-Permian brachiopod 
extinction patterns across space, environment and time. 
For this comparative analysis, this chapter has referred to Sheng et al. (1984), Jin et al. 
(2000) and Chen et al. (2005, 2006) for the brachiopod taxonomy and stratigraphic 
occurrences of the Meishan section; Chen et al. (2009b) for the Huangzhishan section; He et 
al. (2005, 2014, and unpublished data) for the Rencunping, Majiashan and Dongpan sections; 
Zhang et al. (2013, 2014a, this thesis) and Peng (2006) for the Zhongzhai section. 
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6.3.1 Brachiopod extinction patterns in the six key PTB sections 
At the Zhongzhai section, the main elements of benthos included brachiopods and bivalves 
(Figure 6.4), both groups evidently suffered a major extinction at the base of Bed 28 or 
between Beds 27 and 28, and there is no secondary, statistically significant extinction other 
than this horizon (Figure 6.4). From Bed 27 to Bed 28, the numbers of species of brachiopods 
dropped from 44 to 1 (i.e., 97.73% extinction), and the decline in bivalve is from 21 to 1 
(95.24% extinction). According to Metcalfe & Nicoll (2007), the claystone layers (Beds 31 
and 29) of the Zhongzhai section were respectively equivalent to the lower claystone layers 
(Beds 25 and 26 combined) and the upper claystone layer (Bed 28) of the Meishan section 
(see Chapter 3). This correlation would suggest that, the time of the brachiopod extinction of 
the Zhongzhai section is earlier than the age of the lower claystone layers (Beds 25 and 26) in 
the Meishan section. If using the isotope ages provided for Beds 29 and 31 by Shen et al. 
(2011) for the Zhongzhai section and assume a constant sedimentation rate between Beds 28 
and 30, the age for the base of Bed 28 would be approximately 252.55Ma (Figure 6.3). 
For the Huangzhishan section, the extinction horizon of the brachiopods was proposed at 
Bed 31 where the Permian–Triassic boundary is located (Chen et al. 2009b), and the numbers 
of brachiopod species decreased from 25 to 1 (Figure 6.5). Also notable for the Huangzhishan 
section is that, the biological extinctions encompass two distinctive episodes, the first one at 
Bed 19 and the second one at Bed 31 (Chen et al. 2009b). 
Similar to the Huangzhishan section, the timing of the brachiopod extinction at the 
Meishan section, coincided with the PTB, Bed 27c (Chen et al. 2005), where the number of 
brachiopod species dropped from 14 to 1 (Figure 6.5). Additionally, two episodes of the PTB 
mass extinction are apparent at Meishan: the first crisis peaking at Bed 25 and the second one 
between Bed 34 and Bed 38, as detailed in Yin et al. (2012). 
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Figure 6.4. Stratigraphic distribution of brachiopod and bivalve species in the Zhongzhai 
section: brachiopod species see Figure 6.2, bivalve species follow Gao et al. 2009, 1, 
Pernopecten symmetricus curtus; 2, Palaeolima dieneri; 3, Pernopecten guizhouensis; 4, P. 
hayingshanensis; 5, Towapteria equicosta; 6, T. minima; 7, Limipecten globules; 8, 
Streblochondria zhongyingensis; 9, Nuculopsis sp.; 10, Towapteria sp.; 11, Euchondria 
longtanensis; 12, Phestia sp.; 13, Ptychopteria (Actinopteria) problematica; 14, P. 
sichuanensis; 15, Nuculopsis darlingensis; 16, N. wymmensis; 17, Aviculopecten beipeiensis; 
18, Euchondria dalongensis; 19, Etheripecten fasciculicostatus; 20, Nuculopsis yangtzeensis; 
21, Palaeolima sichuanensis; 22, Schizodus lopingensis; 23, Stutchburia sp.; 24, Tambanella 
sp.; 25, Limipecten sp.; 26, Tambanella subquadrata; 27, Pernopecten sp.; 28, Schizodus sp.; 
29, Astartella symmetrica; 30; Euchondria sp.; 31; Astartella sp.; 32, Pernopecten 
sichuanensis; 33, Palaeolima sp.; 34, Isognomon sp.; 35, Etheripecten sp.; 36, Astartella 
ambiensis; 37, Guizhoupecten sp.; 38, Isognomon sinensis; 39, Leptochondria virgalensis; 40, 
Palaeoneilo guizhouensis; 41, Septimyalina sp.; 42, Schizodus pinguis; 43, S. schlotheimi; 44, 
Streblopteria sp.; 45, Taimyria sp.; 46, Wilkingia sp.; 47, Aviculopecten sp.; 48, Palaeoneilo 
sp.; 49, Pteria ussurica variabilis; 50, Eumorphotis illyrica; 51, Claraia wangi; 52, 
Myophoria (Leviconcha) orbicularis; 53, Palaeonucula qinganensis; 54, P. sp.; 55, Claraia 
decidens; 56, C. hunanica; 57, C. guizhouensis; 58, C. yunnanensis; 59, Entolium discites; 
60, Claraia zhenanica; 61, C. hubeiensis; 62, Pteria sp.; 63, Claraia sp.; 64, C. griesbachi; 
65, Eumorphotis sp.; 66, Claraia concentrica; 67, Eumorphotis telleri; 68, Claraia aurita; 
69, C. stachei; 70, C. tumida; 71, C. longyanensis.  
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 Further towards the offshore deep-water settings at the Rencunping and Majiashan 
sections, the main extinction of brachiopods occurred at Bed 23c in the Rencunping section, 
and between Beds 8 and 7 at the Majiashan section (Figure 6.5). As the lower claystone 
layers (Beds 25 and 26) of the Rencunping section could be correlated with Beds 25 and 26 
of the Meishan section, the occurrence of main brachiopods extinction at the Rencunping 
section is clearly earlier than Beds 25 and 26 of the Meishan section. According to the 
cyclostratigraphic study by Dr X.F. Peng (unpublished data), the time interval between Beds 
23c and 29 of the Rencunping section is about 700 kyr (kyr, one thousand years), thus giving 
an approximate age of the brachiopod extinction horizon at 252.56 Ma (Figure 6.3). 
Likewise, at the Majiashan section, the main brachiopod extinction horizon (between Beds 7 
and 8) is overlain by the lower claystone layers (Beds 4 and 5) equivalent to Beds 25 and 26 
of the Meishan section (Figure 6.3). This suggests that the occurrence of the main brachiopod 
extinction horizon of the Majiashan section is also earlier than the age of the lower claystone 
layers (Figure 6.5).  
However, the brachiopod extinction pattern of the Dongpan section seems to present a 
very different picture to those of the other five sections outlined above. Here, the biggest 
brachiopods diversity decline occurred at Bed 10 (Figure 6.5). According to the carbon 
isotope data (Zhang et al. 2006b), the strata between Beds 9 to 12 of the Dongpan section 
appear equivalent to Beds 25 to 27b of the Meishan section. According to the 
cyclostratigraphic study by Dr X.F. Peng (unpublished data), the time duration from Bed 7 to 
12 of the Dongpan section is about 200 kyr, and thus the age of the occurrence of the main 
brachiopods extinction is about 252.25 Ma, which is approximately equivalent to the age of 
Beds 25 and 26 at the Meishan section (Figure 6.5). 
To sum it up, as illustrated in Figure 6.5, the extinction of latest Permian brachiopods 
occurred nearly synchronously at clastic facies (shallow-water clastic-shelf facies: Zhongzhai 
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section; deep-water siliciclastic facies: Majiashan and Rencunping sections), which is earlier 
in the deep-water basinal facies, in much contrast to the somewhat delayed extinction of the 
brachiopods inhabiting the carbonate platform facies (Huangzhishan and Meishan sections). 
 
6.3.2 Discussions 
What caused the extinction of the brachiopod faunas towards the end of the Permian 
period? Moreover, why did the different environmental settings, reflected principally in 
different water depth, display notably different timing in their brachiopod extinctions? Both 
of these questions are not easy to answer and, very likely, may have involved a multitude of 
physical (extrinsic) as well as biotic (intrinsic) factors. 
Rapid global warming in late Changhsingian and across the Permian–Triassic boundary 
has been proposed as a main driver for persistent and sweeping global environmental changes 
at the time (Joachimski et al. 2012, Sun et al. 2012). However, other factors (e.g., food 
shortage, anoxia) have been suggested as the culprits responsible for the end-Permian mass 
extinction. More recently, some scientists have attempted to draw possible syncretistic links 
and feedbacks between rapid global warming and food shortage/anoxia in the context of the 
end-Permian mass extinction (e.g., Shi 2013). As seawater warms up, it reduces the 
temperature difference between high-latitude area and lower latitudes or between surface and 
bottom waters, leading to ocean stagnation and stratification and ocean acidification, which in 
turn would result in widespread anoxia and food shortage. This scenario has gained much 
recent attention among scientists (e.g., Wignall 2001, Algeo et al. 2011, Shi 2013); it has also 
received much support from empirical evidence. For example, the upwelling rate at Dongpan 
section was calculated as 55 m/a (Zhang et al. 2007b), which was much lower than the 
observations in tropical area of the modern ocean (Cariaco Basin in Caribbean Sea, Bruland 
1983).  
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However, in the context of comparing the Zhongzhai section with other five PTB sections 
along a bathymetric gradient across the South China Platform (Figure 2.2), the scenarios of 
anoxia combined with food shortage appear to be the most proximate mechanisms to explain 
the asynchronous occurrences of the brachiopod extinction patterns across these sections. 
 
6.3.2.1 Anoxia and Oxygen Minimum Zone 
A number of studies have suggested widespread oceanic anoxia occurring immediately 
before the end-Permian mass extinction and persisting through into the earliest Triassic 
(Isozaki 1997, Brennecka et al. 2011). More recently, the idea of an expanding ‘Oxygen 
Minimum Zone’ (OMZ) in the ocean has also been proposed to, at least in part, explain the 
widespread end-Permian and PTB ocean anoxia (Li et al. 2010, Algeo et al. 2011, Winguth & 
Winguth 2012). Under this expanding OMZ model, it is thought that during the Permian–
Triassic boundary interval, hypoxic to anoxic water bodies first occurred at the middle layers 
of the ocean, from there they then expanded upward to the surface or shallow water zones 
and downward to deep seafloor environments (Algeo et al. 2011, Winguth & Winguth 2012).  
There is an emerging body of both empirical and experimental evidence supporting the 
above model. For example, recently, He et al. (2013) undertook a quantitative pyrite 
framboid analysis in the PTB Changtanhe section (geographically, 80km east of the 
Rencunping section in northwestern of Hunan Province, South China, therefore located in 
offshore deep-shelf setting) in an attempt to assess the paleoredox conditions of oceanic 
environments during the PTB transitional period. They found that the deep shelf benthic 
environment experienced a lower dysoxic to anoxic conditions just before the end-Permian 
mass extinction, followed by an oxygenation event immediately after the end-Permian mass 
extinction. Pyrite framboids have been discovered from the Rencunping section, but they 
have not been studied for the reconstruction of the paleoredox conditions. Nevertheless, due 
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to their geographic proximity and highly comparable depositional environments for the PTB 
interval, it is reasonable to infer that the Rencunping section experienced a similar history of 
redox condition changes through the Permian–Triassic boundary transition. On this basis, we 
could therefore explain the well-differentiated temporal differences in the extinction of 
brachiopods across the six PTB sections along essentially an onshore–offshore bathymetric 
gradient as illustrated in Figure 2.2. In our putative model (Figure 6.6), we propose that 
during the Changhsingian (i.e., before the end-Permian mass extinction), both the 
Rencunping and Majiashan sections were located offshore in deep-shelf environments, well 
within the OMZ (Figure 6.6B), similar to the Changtanhe section for the same interval. Due 
to the lower dysoxic to anoxic conditions exerted by the OMZ on the benthic communities, 
the brachiopods in this environment suffered major extinctions. However, during this time 
interval (i.e., the period just before the PTB and before the end-Permian mass extinction), the 
Zhongzhai, Huangzhishan and Meishan sections were situated in shallower water 
environments while the Dongpan section in a deeper water setting, all relative to the 
Rencunping and Majiashan sections and all outside of the OMZ (see Figure 6.6B). As such, 
brachiopods living in these environments, at this time, were little affected by the hypoxic 
conditions of the OMZ, and hence did not show any evidence of major extinctions. 
Subsequently, the OMZ, we infer, expanded rapidly both upward and downward into both 
shallow waters and deeper water columns of the ocean environment (Figure 6.6C), hence 
affecting the benthic environments and benthic communities including brachiopods occupied 
by the Zhongzhai, Huangzhishan, Meishan and Dongpan sections. 
Whilst the above model involving the dynamics of OMZ may explain the overall temporal 
difference between shallow, medium (OMZ) and deep water bodies, it does not account for 
the temporal difference in brachiopod extinction among the Zhongzhai, Huangzhishan, 
Meishan and Dongpan sections, as the brachiopod extinction in the Zhongzhai section 
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occurred much earlier than those in the latter three sections of varying water depths (Figure 
3). To account for this difference, it is therefore very likely that other variables, in addition to 
the variation of oxygen, may well have played a significant role in determining the timing 
and magnitude of the brachiopod extinction. Among these other possible variables 
(determinants), food shortage is considered the most likely and most significant player (see 
below). 
 
 6.3.2.2 Food shortage 
Ocean primary productivity, as the foundation of the whole marine ecosystem, could be 
represented and reconstructed by various biogeochemical proxies (Henderson 2002, Piper & 
Perkins 2004, Tribovillard et al. 2006) or approximated by the amount and variation of 
acritarch (Twitchett et al. 2001). Linkage of varying ocean primary productivity to the end-
Permian mass extinction has been drawn by a number of previous studies (Jin et al. 2000, 
Pruss et al. 2006, Chen et al. 2007b, He et al. 2007b, 2010, Isozaki et al. 2007). 
Following the collapse of the great Late Palaeozoic Ice Age in the Early Permian and 
especially towards the Permian–Triassic boundary transition, the continental weathering is 
generally thought to have intensified due to rising global temperature and heightened 
orogenies around the world (Shi & Waterhouse 2010). This in turn, is believed to have 
enhanced nutrient flux to ocean ecosystems and the marine primary productivity, leading to 
even possible ‘eutrophication’ as has been suggested (Wignall 2001, Algeo et al. 2011, Shi 
2013). If this hypothesis is true, the Paleo-Tethys would have been particularly affected as it 
was virtually surrounded by land masses all round (Pangea and Cathaysia) (Figure 2.1). 
According to the published data (Zhang et al. 2007b, He et al. 2010, Lei 2013), the low level 
of the primary productivity has been well stated for a number of the PTB sections concerned 
here. At the Majiashan section, the primary productivity reduced (from Bed 10 to 1) as 
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evident from the biogenic trace elements (Cu & Ni) and acritarch (He et al. 2010) At the 
Zhongzhai section, the abundance variation of acritarch suggest that food resources became 
scarcer in the upper part compared to the lower part, which is consistent with the reduction of 
terrigenous input (Lei 2013). Interestingly, there is no evidence suggesting any food shortage 
or reduction throughout the Dongpan section, based on biogenic Cu (Zhang et al. 2007b) 
consistent with the persistence of an high-abundance and diverse faunas at this section (see 
Chapter 2). The reason for this is unclear but it may be related to the fact that the Youjiang 
Basin in which the Dongpan section was located and which was connected to the open 
Palaeotethys sea (Meng et al. 2005b) where may have acted as a major source of nutrient 
supply to the Dongpan area. 
In summary, it is possible to suggest that food availability played an important, if not 
primary, role in influencing the timing of local brachiopod extinctions. In this case, it can 
explain, as discussed above, why the brachiopod extinction occurred earlier in the Zhongzhai 
section than that in Huangzhishan and Meishan sections in the shallow-water facies; and why 
the brachiopod extinction occurred latter in the Dongpan section comparing to the other two 
deep-water sections (Rencunping and Majiashan sections). 
  
98 
 
Chapter 7. Palaeoecological analysis of the Zhongzhai brachiopod fauna 
 
Based on the systematic taxonomical work of the Zhongzhai brachiopod fauna (Peng 
2006, Zhang et al. 2013, 2014a, this thesis), there are 64 species (including 10 new species, 3 
comparative species and 10 undetermined species) found in the PTB interval of the 
Zhongzhai section, distributed seven brachiopod orders (Lingulida, Productida, Orthotetida, 
Orthida, Rhynchonellida, Athyridida and Spiriferida). This chapter aims to investigate the 
palaeoecological aspects of the Zhongzhai brachiopod fauna in relation to the Permian–
Triassic transition and the end-Permian mass extinction. 
 
7.1 Materials and Methods 
To do this analysis, the numbers of species and the numbers of specimens of each species 
were counted in each brachiopod-bearing horizon (each bed) (Beds 2, 3, 4, 6, 7, 10, 12, 14, 
16, 25, 27, 28, 30, 32, 33, 36, 37). The faunal compositions at both order- and genus-levels 
were analysed for Beds 4, 6, 12, 14 and 27 which appear to have been relatively well sampled 
according to our rarefaction analysis (Figure 6.1). On the other hand, Beds 28, 30, 32, 33, 36 
and 37 have only yielded sparse brachiopod material; consequently, these beds have not been 
subjected to quantitative analysis, although they are mentioned in the result part. 
At the order-level, Lingulida, Productida, Orthotetida, Orthida, Rhynchonellida and 
Spiriferida dominated the brachiopod fauna, as did Acosarina, Neochonetes, Orbicoelia, 
Orbiculoidea, Orthothetina, Tethyochonetes, Paryphella, Prelissorhychia and 
Spinomarginifera at the genus level. Of these genera, Neochonetes and Tethyochonetes are 
extremely abundant. For these reasons, we have focused our faunal compositional analysis 
based on these two genera. 
In quantitative terms, we have used the Shannon_H diversity and dominance as the two 
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key indices for the analysis of faunal composition and ecological structure. These quantitative 
analyses were conducted by the software PAST (Palaeontological Statistics, 
http://folk.uio.no/ohammer/past/, Hammer et al. 2001).  
The Shannon_H diversity index is a widely used method to measure the composition of, 
and species distribution within, a biological community by referring to both the number of 
species and numbers of specimens of each species in the calculation (Krebs 1998, Jacobsen et 
al. 2011, Huang et al. 2013). Generally speaking, a higher Shannon_H diversity value would 
indicate a more diverse community. If the species are evenly distributed within the 
community, the Shannon_H diversity value would be high. In other words, a comparison of 
Shannon_H diversity changes through a succession of stratigraphic beds would allow us to 
understand not only how the number of species (or species richness) changed overtime, but 
also how the abundance pattern of the species distributed within the community also changed.  
The dominance index, on the other hand, is a metric to test whether or not there were 
dominant species in a particular community (Krebs 1998, Jacobsen et al. 2011, Huang et al. 
2013). The dominance in this sense is indicated by the abundance of species of a particular 
species relative to the abundance of other species in the same community or fossil 
assemblage. 
 
7.2 Results 
On the order-level, the Productida presents the absolute dominance in the section (Figure 
7.1). The Zhongzhai brachiopod fauna has a relative diverse component in Beds 4, 12, 14, 
27–1 and 27–2, especially in Beds 12 and 14 (where the Productida accounts for 63.79% to 
71.36%, Orthotetida 18.78% to 21.93%, Orthida 4.23% to 5.84%, Spiriferida 3.22% to 
3.76%, and Lingulida from 0.94% to 5.27%). Upward the section towards the PTB, the 
dominance of Productida increase even further rising to more than 98% in Beds 27–3, 27–4, 
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 27–5 and 27–6 (Figure 7.1). 
At the genus-level, the brachiopod fauna is clearly dominated by Neochonetes in the lower 
horizons (Beds 4, 6, 12 and 14) and Tethyochonetes in Bed 27 (Figure 7.2). In the lower part 
of this section, Neochonetes specimens occupy 47.69% to 75.57% of all the specimens 
collected, and Tethyochonetes abundance plays a relatively minor role, accounting for 
10.65% to 36.13% of all the specimens. In the upper part (Bed 27), the relative percentage of 
Neochonetes abundance varies between 13.89% and 28.86%, whilst Tethyochonetes accounts 
for 59.55% to 79.36%.  
Only one specimen in Athyridida (Araxathyris guizhouensis) was collected from Bed 28, 
and a few specimens of Order Lingulida were sampled from the lowermost Triassic (the 
lower part of Yelang Formation) (Table 7.1). 
 Lingulida  
Total This study Peng 2006 
Bed 41  1* 1 
Bed 38  3* 3 
Bed 37  3  3 
Bed 36 1  1 
Bed 33 1  1 
Bed 32 8 3* 11 
Bed 30 1  1 
Table 7.1. Numbers of Lingulida specimens from the lowermost Triassic part of the 
Zhongzhai section. The data with an asterisk are from Peng 2006. 
 
7.3 Discussions 
7.3.1 (Neochonetes+Tethyochonetes)-dominated brachiopod fauna in pre-extinction 
times 
The relationship between body size and abundance or population size always has been 
seen as one of the fundamental topics in ecology (White et al. 2007). Body size shows 
positive correlation with food requirement and negative correlation with population density 
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(Peters 1983). The Zhongzhai brachiopod fauna is overall overwhelmingly dominated by the 
two small-sized chonetid genera, Neochonetes and Tethyochonetes, manifested in both 
species richness (species diversity) and in relative abundance measured by specimens (Figure 
7.3). For example, the two genera alone have yielded the following 22 species: Neochonetes 
(Huangichonetes) archboldi, N. (H.) genuiculatus, N. (H.) substrophomenoides, N. (H.) sp., 
N. (Sommeriella) rectangularis, N. (S.) regularis, N. (S.) strophomenoides, N. (S.) 
waterhousei, N. (Zhongyingia) transversa, N. (Z.) zhongyingensis, N. semicircularis; 
Tethyochonetes chaoi, T. cheni, T. flatus, T. guizhouensis, T. longtanensis, T. pygmaea, T. 
quadrata, T. minor, T. sheni, T. soochowensis, T. wongiana. In terms of relative abundance, 
some of these species [e.g., N. (H.) substrophomenoides, N. (S.) strophomenoides, T. 
pygmaea, T. quadrata] demonstrate extraordinary abundance relative to other co-existing 
species. In most of the ten brachiopod-bearing beds that have been sufficiently sampled for 
statistical analysis, the numbers of specimens of Neochonetes and Tethyochonetes always 
account for 80% or more of the total numbers of specimens collected (except in Beds 12 and 
14 where the proportions of these two genera were between 60% and 70%, see Figure 7.3). 
Further, the dominant role of these two genera actually increases in the upper part of the 
Zhongzhai section until Bed 28 (Figure 7.3). 
Both the Shannon_H diversity and dominance indices show consistent but opposite up-
section trends, characterised by an higher Shannon_H diversity coupled with an overall 
relatively low dominance in the upper part (from Beds 14 to 27–6) of the section, and by a 
pattern of a lower Shannon_H diversity but relatively higher dominance in the lower part 
(Beds 4, 6 and 12) (Figure 7.4). In particular, Neochonetes (Sommeriella) strophomenoides is 
the abundant species in Beds 4, 6 and 12, as evident from the dominance model shown in 
Figure 7.5.  
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We have selected three beds (Beds 12, 27–2 and 27–5), where brachiopods are most 
abundant, to investigate the relationship between brachiopod fauna and their environment. In 
Bed 12, the non-chonetid brachiopods have the highest percentage than they are in any other 
layers (Figure 7.1, 7.2 & 7.6), well correlated with the relatively higher amount of food  
                       
Figure 7.4. Shannon_H and dominance indexes of the brachiopod fauna in the key layers 
(Beds 4, 6, 12, 14, 27–1, 27–2, 27–3, 27–4, 27–5 and 27–6) of the Zhongzhai section. 
 
supply recorded in this bed as approximated by the amount of terrigenous influx and acritarch 
(Figures 7.3 & 7.6), but the Shannon_H diversity is relatively low in this horizon (Figure 
7.4). In contrast, in Bed 27–2, the brachiopod fauna includes a lower percentage of non-
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chonetid brachiopods and more species (35 species in Bed 27–2 compared to 28 species in 
Bed 12, see Figure 6.2), and is numerically dominated by Neochonetes and Tethyochonetes, 
which together occupy around 88% of the total specimens found from this bed. Here, the 
food supply also appears much lower than in Bed 12 (Figures 7.3 & 7.6), but the Shannon_H 
diversity is relatively high in this bed (Figure 7.4). In Bed 27–5, the whole brachiopod fauna 
(including 24 species, see Figure 6.2) was almost totally occupied by the above two genera 
(~98%), matched by a relatively low Shannon_H index (Figure 7.4) and lower food supply as 
in Bed 27–2 (Figure 7.3).  
How do we interpret the varying patterns of the Shannon_H diversity of the Zhongzhai 
brachiopod fauna versus its dominance through this section as summarised above in an 
ecological context? Although it would be premature to offer a detailed reconstruction of the 
marine benthic ecological conditions without involving some essential biogeochemical data 
(e.g., redox condition, pH, salinity etc.), the following understanding may act as some starting 
points. In this scenario, likely the Zhongzhai brachiopod fauna may have undergone three 
major stages of ecological changes before the end-Permian mass extinction, as described 
below. 
In Phase 1 (in the lower part, Bed 12), when the food supply was abundant, the pressure of 
competition within or among different brachiopod genera was low, and the local environment 
accommodated a relatively high species diversity, low Shannon_H diversity and high 
dominance (i.e., there were dominant species) (Figures 7.4 & 7.7). 
In Phase 2 (in the upper part, Bed 27–2), when food supply apparently decreased, the 
small-sized chonetid brachiopods became overwhelmingly dominant in numerical numbers in 
the local environment. At this time, competition for food resources was probably confined 
within the species of the two dominant small-sized chonetid genera: Neochonetes and  
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Figure 7.5. Abundance models of brachiopod fauna in the key layers (Beds 4, 6, 12, 14, 27–
1, 27–2, 27–3, 27–4, 27–5 and 27–6) of the Zhongzhai section. 
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Tethyochonetes. In this case, with their close morphological features, each single species of 
these two genera might have attained equal or similar ecological position or requirement at 
this stage. This interpretation is consistent with the fact that no dominant species exited in the 
brachiopod fauna of Bed 27–2 (Figure 7.5), and the Shannon_H diversity significantly 
increased in this horizon (Figure 7.4), suggesting a relative stable ecological structure of the 
brachiopod fauna compared to Phase 1. 
In Phase 3 (in the upper part, Bed 27–5), food supply remained low as in Bed 27–2, and 
competition among the species of these two genera seems to have intensified, as indicated by 
the decreasing of numbers of species (24 species in this bed) (Figure 6.2). In this case, it 
could be suggested that the competition between two genera of the same subfamily also 
intensified and had become the main factor (i.e., instead of food supply) directly influencing 
the abundance patterns among the species in Neochonetes and Tethyochonetes (e.g., the slight 
increasing of the dominance index from Bed 27–2 to Bed 27–5, see Figure 7.4). In our view, 
this heightened competition between the two genera co-living in the same habitat and the 
food shortage, then led to the development of a highly unbalanced ecological community 
numerically dominated by Tethyochonetes species (Figure 7.3A) with a much reduced species 
richness (from 35 species in Bed 27–2 to 24 species in Bed 27–5) (Figure 6.2) as evidenced 
by the significantly reduced the Shannon_H diversity. Further, it could even be possible that 
the emergency of this highly unbalanced, Tethyochonetes-dominated community may 
represent the signal of a marine ecosystem that was heading towards collapse (extinction) 
(Figure 7.3). 
 
7.3.2 Dominance shift from Neochonetes to Tethyochonetes 
The ecological phenomenon, in which Tethyochonetes replaced the dominance position of 
Neochonetes from the lower part to the upper part of the Zhongzhai section, clearly revealed  
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Figure 7.7. Palaeoecologic reconstructions of the Zhongzhai brachiopod fauna from the 
Changhsingian to earliest Triassic.  
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a dominance shift between these two genera over time (Figures 7.3). The two genera, 
belonging to the same subfamily (Rugosochonetinae) (see Chapter 10), share many, or have 
very similar morphological features (e.g., small size, thin shell, concave-convex profile), 
suggesting a strong degree of niche overlap and hence the possibility of competition for 
resources, especially food supply and substrate conditions.  
At the first glance, food supply was considered as possible key determinant in influencing 
the relative abundance of the two genera in the habitat. Theoretically, it is reasonable to 
speculate that smaller-sized organisms, such as the chonetid brachiopods concerned here, 
tend to have shorter generation times, higher specific metabolic rates, higher reproductive 
potential and larger populations (Cardillo & Bromham 2001, Denney et al. 2002, Cardillo et 
al. 2005, Riveros 2007). Tethyochonetes and Neochonetes differed considerably in their age 
ranges, with the former restricted to the Lopingian, whilst the age of Neochonetes ranges 
from the Pennsylvanian to Lopingian (Williams et al. 2000, 2007). It therefore seems 
reasonable to suggest that Neochonetes could be the ancestor of Tethyochonetes. In the 
Zhongzhai section, Neochonetes was most abundant in the lower part of the Zhongzhai 
section, but its dominance role was rapidly replaced upwards by Tethyochonetes. 
Most interestingly, the transition in dominance between these two genera correlates well in 
timing (stratigraphic position) with evident changes in food supply (Figure 7.3). Additionally, 
the size of sediment particles that made up the terrigenous influx in the Zhongzhai 
environment may also have been a critical factor in determining the relative dominance of 
certain brachiopod species within the Zhongzhai brachiopod fauna. Theoretically, the smaller 
the brachiopods were, the smaller sediment particles they could consume as food grains. 
Therefore, it could be assumed that Tethyochonetes, smaller on average size than 
Neochonetes, would have required, or performed better in, relative quieter hydrodynamic 
conditions compared to Neochonetes. This interpretation is highly consistent with the fact 
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that rock beds containing abundant Tethyochonetes are, in general, much finer-grained and 
contain much reduced terrigenous input (e.g., Bed 27), compared to Beds 12 and 14, which 
contain a significantly greater percentage of silt and their chonetid brachiopods are dominated 
by Neochonetes species.  
 
7.3.3 The post-extinction brachiopod fauna 
During the post-extinction interval (in the lowermost Triassic part of the Zhongzhai 
section), only the lingulid species (e.g., Lingula fuyuanensis, L. acutangula, see Chapter 6) 
survived from the extinction in a very low diversity (Figure 7.7). Although being even 
smaller in size and thin-shelled like the pre-extinction chonetid brachiopods, the Lingulids 
had evolved some unique morphological/ecological advantages (adaptations) for surviving in 
stressful ocean environments (e.g., acidification, anoxia) during the Permian–Triassic 
transitional period. These morphological/ecological advantage (adaptations) include the 
following: 1) organophosphate shells that would have protected their shells from 
corrosion/dissolution in an increasingly acidified (acidifying) marine ecosystem during the 
PTB transition (Peng et al. 2007); 2) an adoption of infaunal living style among the lingulids 
with lower oxygen consumption demand (Emig 1997) and higher respiratory efficiency (Peck 
et al. 1997), which would have enhanced their chance of survival in an increasing anoxic 
ocean environment. 
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Chapter 8. Brachiopod body-size changes 
 
Body size is one of the key characters that can influence the biology, ecology and 
evolution of an organism (Calder 1984, Jablonski 1996, Petchey & Belgrano 2010). In the 
past few decades, this topic has attracted considerable attentions from palaeobiologists, as 
evident from a large number of papers published on the documentation and elucidation of 
body-size change in the fossil record. Such studies, most notably, have included foraminifers 
(Keller & Abramovich 2009, Wade & Olsson 2009, Payne et al. 2011, Song et al. 2011, Rego 
et al. 2012), conodonts (Luo et al. 2008b), gastropods (Fraiser & Bottjer 2004, Payne 2005, 
Twitchett 2007), bivalves (Hayami 1997, 1998, McGowan et al. 2009, Posenato 2009, 
Metcalfe et al. 2011), brachiopods (Chen et al. 2005, He et al. 2007b, 2010, Peng et al. 2007, 
Twitchett 2007, Novack-Gottshall & Lanier 2008, Zhang & He 2008, McGowan et al. 2009, 
Huang et al. 2010, Metcalfe et al. 2011), echinoderms (Twitchett et al. 2005), fishes (Mutter 
& Neuman 2009) and tetrapods (Smith 1995, Tverdokhlebov et al. 2002).  
However, the terms used to refer to the phenomenon of body size reduction over time have 
been varied, and at least three variants have been commonly used: ‘dwarfing’, ‘Lilliput effect’ 
and ‘miniaturization’. As different definitions and understandings of these terms have been 
adopted and used differently in the literature, causing a significant degree of confusion 
among researchers, it is therefore necessary to first review and clarify these terms.  
When Marshall & Corruccini (1978) studied the Late Quaternary dwarfed marsupial 
lineages from Australia, they initially defined the term ‘dwarfing’ simply as a decreasing 
trend of mean body size within a lineage. Hanken & Wake (1993), on the other hand, referred 
to ‘miniaturization’ as a complex combination involving size reduction, structural 
simplification, as well as increased variability and morphological novelty.  
Independently, Urbanek (1993) coined the metaphor ‘Lilliput effect’, to describe the 
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remarkable phenomenon of the occurrence of diminutive forms following a mass extinction 
event based on the research of the Upper Silurian graptoloids. Urbanek (1993) further 
explained the Lilliput effect as ‘a subnormal phenotype due to reduction of size (stunting or 
dwarfing)’. Recognising the Lilliput effect potentially as a widespread and general post-
extinction macro-evolutionary feature, Payne (2005) further proposed four potential modes 
for the occurrence of the Lilliput effect, as follows: 1) extinction of large taxa; 2) post-crisis 
appearance of many small taxa; 3) temporary disappearance of large taxa; 4) within-lineage 
size decrease. Similarly, Harries & Knorr (2009) also suggested three possible patterns in 
each of which the ‘Lilliput effect’ could occur, these are: A) smaller taxa survived from an 
extinction crisis and became the dominant group in the early post-extinction recovery stage 
(equals to Modes 1 and 3 in Payne 2005); B) size reduction in survivors (equals to Mode 4 of 
Payne 2005); C) new smaller taxa evolved from ancestral stocks (equals to Mode 2 of Payne 
2005). In Harries & Knorr’s (2009) opinion, their Pattern B matches best with Urbanek’s 
(1993) original definition of the ‘Lilliput effect’, although, in our view, it appears that their 
Pattern C, or Mode 2 of Payne (2005), is closer to the description of the ‘Lilliput effect’ as 
described by Urbanek (1993), thought to be a macro-evolutionary feature that is also 
accompanied by significant morphological changes. 
Comparing the definitions of these terms, it is clear that both Mode 4 of Payne (2005) and 
Pattern B (Harries & Knorr 2009) of the ‘Lilliput effect’ are fundamentally equivalent to the 
term–‘dwarfing’, whereas Mode 2 and Pattern C of the ‘Lilliput effect’ are best matched with 
‘miniaturization’. Although these two terms (miniaturization and dwarfing) have been 
interchangeably used by most of the researchers, we herein emphasize that the former implies 
a significant evolutionary process that is defined not only by a reduction in mean body size, 
but also a process accompanied by significant changes in other biological traits. 
Consequently, in this study we prefer to use miniaturization as a general evolutionary term to 
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describe a persistent trend of body size reduction and associated morphological changes over 
a sustained period of time. Under this definition, miniaturization is not necessarily associated 
with a major biological crisis as it could occur either immediately before or after a mass 
extinction. However, when a persistent and widespread miniaturization event occurs 
immediately following a mass extinction, it could then be described as an expression of a 
‘Lilliput effect’. 
Notwithstanding the distinction between miniaturization and the Lilliput effect, most of 
the previous studies concerning body-size changes in the fossil record have concentrated on 
mass extinction intervals and, consequently, constitute many good examples of the Lilliput 
effect. However, despite an expanding body of literature on this topic, our understanding of 
the connections between miniaturization, Lilliput effect and mass extinctions remains elusive. 
In this context, the Permian–Triassic transition interval and the associated end-Permian mass 
extinction would serve as an excellent example in demonstrating the currency of two sharply 
contrasted views regarding the timing of the marine invertebrate miniaturization across this 
interval and its possible relationship with the end-Permian mass extinction. In this debate, 
one view holds that significant animal body-size reduction occurred immediately after the 
end-Permian extinction and is therefore consistent with the concept of Urbanek’s Lilliput 
effect (Payne 2005, Twitchett 2007, Luo et al. 2008b, Morten & Twitchett 2009, Posenato 
2009, Song et al. 2011). This view has been largely derived from statistical analysis of global 
temporal body-size distribution data of selected Permian–Triassic taxa, and argues that the 
Lilliput effect would be a consequence of the end-Permian mass extinction. However, a 
counter view has also been proposed in that significant miniaturization involving at least one 
major taxon, Brachiopoda, had already started to occur immediately before the end-Permian 
mass extinction (He et al. 2007b, 2010). In this case, the pre-extinction miniaturization may 
be seen as a precursor of the mass extinction, rather than as a legacy of the extinction. 
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This chapter aims to investigate: 
1) Whether or not there were significant species-level body size reductions of brachiopods 
accompanying the end-Permian mass extinction;  
2) Whether or not the size reductions occurred synchronously among all the tested 
brachiopod species; and 
3) The temporal relationship between size reduction and the end-Permian mass extinction.  
In addition, we have also attempted to elucidate the underlying mechanisms, biological 
and environmental, influencing the size change of brachiopods during the end-Permian mass 
extinction interval. 
 
8.1 Materials and Methods 
Six thousand two hundred and seventy (6270) complete brachiopod specimens in 8 species 
of two chonetid genera [Neochonetes (Huangichonetes) substrophomenoides (Huang, 1932), 
N. (H.) archboldi Zhang et al., 2013, N. (Sommeriella) strophomenoides (Waagen, 1884), 
Tethyochonetes pygmaea (Liao, 1980a), T. sheni Zhang et al., 2013, T. quadrata (Zhan in 
Hou et al., 1979), T. minor sp. nov. and T. longtanensis (Liao, 1984), all from 
Rugosochonetidae Muir-Wood, 1962] (Figure 8.1), were collected from ten different rock 
beds (layers) in the upper part of the Longtan Formation (Beds 4, 6, 12, 14, 27–1, 27–2, 27–3, 
27–4, 27–5 and 27–6) at the Zhongzhai section. As Bed 27 belongs to the Permian–Triassic 
boundary interval strata (Zhang et al. 2014b), it was divided into six sub-beds (or layers) with 
equal thickness in order to reach a higher stratigraphic resolution for the analysis of 
brachiopod body-size changes across the boundary. All these beds/layers are characterized by 
mudstone, suggesting little lithological changes for the study interval (Figure 8.2). These mud 
rocks, representing fine-grained muddy sediments before lithofication, have provided an 
excellent taphonomic condition for the preservation of the studied brachiopods, which, 
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Figure 8.2. Size frequency distribution of the four main species chosen for body-size studies 
at the Zhongzhai section (X-axis in millimetre and Y-axis is the number of specimens). 
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 virtually in all cases, are preserved as intact specimens, many of which still retain delicate 
and elaborate ornaments (such as body spines) on their shell surfaces, despite their general 
small body size (see Figure 8.1). With these brachiopod specimens, we used electronic 
micrometer to measure the geometric size (maximum width and length) of each individual 
shell or valve. The measurement precision is within one decimal point. Considering the 
innate differences of length between dorsal valve and ventral valve (as the ventral beak is 
always higher than the dorsal beak in chonetid brachiopods), we chose the width as the size 
metric for each specimen (Figure 8.1). 
We employed the software PAST (Palaeontological Statistics, 
http://folk.uio.no/ohammer/past/, Hammer et al. 2001) for data standardization and statistical 
analysis. First, the geometric mean size (X) of each of the nine taxa was calculated as 
follows: 
 
X=1/N σ ே௜ୀଵ  
 
Here, N equals the numbers of specimens from a stratigraphic bed or layer; y equals the 
geometric size of the shell maximum width. Second, in order to reduce the error interference 
and test the reliability of the data, we calculated the 95% confidence interval for the four 
most abundant species [N. (H.) substrophomenoides, N. (S.) strophomenoides, T. pygmaea 
and T. quadrata] using the following formula: 
 
γ = S*1.96/ξܰ 
 
Where γ is the fluctuating range of the mean size (X), 1.96 is the parameter for 95% 
confidence interval, S is the standard deviation and the N is the numbers of the specimens. 
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Figure 8.3. Variation of geometric means of eight species at the Zhongzhai section [the white 
dots are the geometric mean sizes, the black region shows the 95% confidence interval, the 
red arrows indicate significant decreases (based on Kolmogorov–Smirnov test) and the blue 
arrows indicate significant increases (based on Kolmogorov–Smirnov test)].  
121 
 
Therefore, the confidence interval could be confirmed from the lower limit X−γ to the upper 
limit X+γ (X is the geometric mean size calculated above) (Table 8.1). In addition, the 
Kolmogorov–Smirnov (KS) test was chosen to examine whether the size change of each 
species between adjacent two rock layers is statistically significant, using p-value < 0.05 as 
the threshold (if the condition is met, it means there would be a statistically significant 
change in body size between two adjacent fossil beds/layers) (Table 8.2). 
 
8.2 Results 
The confidence interval test demonstrates that 1) significant size increasing occurred in 
between Beds 27–4 and 27–5 involving two Tethyochonetes species (T. pygmaea and T. 
quadrata) (Table 8.1), in that the lower limits of these two species in Bed 27–5 are greater 
than their upper limits in Bed 27–4; 2) the two Neochonetes species [N. (H). 
substrophomenoides and N. (S.) strophomenoides] exhibit considerable size reduction from 
Bed 12 to Bed 14. Additionally, it is also noticeable that size reduction occurred 
asynchronously in Tethyochonetes (T. quadrata, from Beds 27–2 to 27–3) and Neochonetes 
[N. (S.) strophomenoides, from Beds 27–3 to 27–4] in Bed 27. 
In the Kolmogorov–Smirnov (KS) test (p-value < 0.05), we found that all but one [N. (S.) 
strophomenoides] species achieved significant size increase from Bed 27–4 to Bed 27–5 
(Figure 8.3). Interestingly, we found asynchronous size reduction between Tethyochonetes 
and Neochonetes species from Bed 27–2 to Bed 27–3 whilst the two Neochonetes species 
only showed significant size reduction from Bed 27–3 to Bed 27–4. In the lower beds, both 
species of Neochonetes demonstrate significant size reduction from Bed 12 to Bed 14. In 
contrast, the mean size of T. pygmaea increased greatly from Beds 12 to 27–1. Also of note is 
the size change pattern of N. (S.) strophomenoides up the stratigraphic section: it experienced 
an initial sharp reduction from Beds 4 to 6, followed by an increase from Beds 6 to 12. 
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As for the other species under the Kolmogorov–Smirnov (KS) test, only T. longtanensis 
showed the same size change trend as the four main species, in which a significant reduction 
occurred from Beds 27–2 to 27–4, followed by a great increase from Beds 27–5 to 27–6. In 
the other three species, it is noticeable that there is no clear size change, except T. minor 
which showed a significant size increase from Beds 27–2 to 27–3 in a manner much to the 
contrary of the size change trends of the four main species as well as T. longtanensis over the 
same stratigraphic interval (i.e., Bed 27 with its six sub-beds, see Figure 8.3). 
 
8.3 Discussion 
8.3.1 Pre-extinction dwarfing 
A variety of different views have been published on post-extinction size reduction 
(‘Lilliput effect’), and the patterns recognized vary depending on the methodology used:  
1) Some researches were focused on the smaller taxa that had survived in the extinction 
and become the dominant group in the early recovery stage. These scenarios are equivalent to 
the Mode 1, 2 & 3 of ‘Lilliput effect’ proposed by Payne 2005;  
2) Some other studies have been based on the long-term size changes (e.g., stage, epoch or 
period) (Payne 2005, Twitchett 2007, Rego et al. 2012) and, as such, it would have been 
difficult to detect the onset of significant body size changes at high temporal resolutions;  
3) Still some other studies focused on higher level taxa (e.g., phylum, class, order, family), 
rather than species-level size analysis (Rego et al. 2012). Consequently, temporal patterns of 
body size changes recognized through this methodology intuitively would be different to 
those detected based on species. 
For example, if considering the size evolution of Zhongzhai brachiopod fauna on the 
phylum-level, the most pronounced brachiopod body size change would be at the boundary 
between Bed 27 and Bed 28 (Figure 8.4), although at species level significant body size 
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changes are also evident in a number of beds prior to (and earlier than) the PTB. In this 
context, it must be noted that the significant size reduction across the PTB at Zhongzhai with 
brachiopod as one single group is in fact clearly influenced by the extinction of all but the 
Lingulidae brachiopods across the PTB and the end-Permian mass extinction boundary (base 
of Bed 28). In other words, this pronounced brachiopod size reduction at phylum level is due 
to the removal (extinction) of large-sized brachiopods, replaced by minute and thin-shelled 
Lingulidae brachiopods, and this size reduction across the PTB thus has not manifested itself 
within any established brachiopod lineages below the phylum level. 
The present study is significant because it has identified clear evidence for the pre-
extinction dwarfing. In this case, at the Zhongzhai section, the first sign of significant 
brachiopod dwarfing occurred in the middle part of Bed 27 (27–3 or 27–4), followed by an 
apparently transient and modest recovery of body size from Beds 27–5 to 27–6, before the 
mass extinction event was set in at the boundary between the Bed 27 and Bed 28 (Figure 
8.5A). Interestingly, this distinct pre-extinction brachiopod size reduction pattern with an 
ensuing transient episode of modest size recovery is in accord with a similar size change 
pattern of Changhsingian deep-water (basinal facies) in South China (He et al. 2007b, He et 
al. 2010).   
 
8.3.2 Asynchronous dwarfing in Neochonetes and Tethyochonetes 
Figure 8.5A illustrates the different timing of dwarfing between Neochonetes (Bed 27–4) 
and Tethyochonetes (Bed 27–3). However, within the Rugosochonetidae brachiopods, both 
Neochonetes and Tethyochonetes are quite abundant genera in the Changhsingian of South 
China, and are clearly dominant taxa in the shallow-water clastic-shelf facies of the 
Zhongzhai section (see Chapter 7). Then, why these two taxa experienced significant size 
reduction in different times? 
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As referred in Chapter 7, both Tethyochonetes and Neochonetes have similar ecotype and 
habitats, so any link between the variation of body size of the two closely related genera and 
the particular hydrodynamic conditions of the environment therefore could be ruled out. 
Hence, alternative hypotheses must be sought to account for the asynchronous dwarfing 
pattern of the two taxa.  
In this pursuit, we have first found that Tethyochonetes species have smaller body size 
while supported by larger populations compared to Neochonetes species. For example, in Bed 
27 the percentage of Tethyochonetes specimens in the whole Zhongzhai brachiopod fauna is 
more than 60% (see Chapter 7), with a mean body size of 6.52mm, whereas the proportion of 
Neochonetes is only around 20% (see Chapter 7), with a mean body size of 9.58mm. 
Additionally, the growth rates of brachiopods may be estimated from the spacing of 
growth lines in specimens. According to Metcalfe et al. (2011), more closely spaced growth 
lines in brachiopods indicated a slower growth rate. This finding is consistent with the results 
from Clark (2005), who studied the daily growth line in living Pectens (Mollusca: Bivalvia). 
In Tethyochonetes and Neochonetes, although the ornaments are radial costellae rather than 
concentric growth lines, the former has fewer and simpler costellae (simpler means, e.g., less 
intercalation and less bifurcation) compared to Neochonetes. Within the shell of 
Tethyochonetes, the shell inner shell of Tethyochonetes, the distribution of papillae also 
suggests simplification of this structure (e.g., they are evenly spread on the inner surface of 
shells, Zhang et al. 2013). The positive relationship between morphological simplification 
and body size reduction is not new, as Riveros (2007) had already documented this as one of 
the physical laws in biology.  
To sum it up, Tethyochonetes has a smaller size, simpler morphology and a larger 
population compared with Neochonetes, indicating that the individuals of Tethyochonetes 
could possess a shorter lifespan which may explain why the size reductions of Tethyochonetes 
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individuals occurred earlier. Under this scenario, we could predict that under the same 
environmental pressures, species with shorter lifespan would tend to have a faster and earlier 
response (e.g., size reduction) in order to reduce their extinction risks. This suggestion is 
consistent with what have been reported in mammals (Cardillo & Bromham 2001, Cardillo et 
al. 2005). 
 
8.3.3 Negative correlation in size changes between Neochonetes and Tethyochonetes  
In Figure 8.3, the size changes of Tethyochonetes and Neochonetes demonstrate opposite 
stratigraphic (timing) trends from Bed 12 to Bed 27–4: N. (H.) substrophomenoides and N. 
(S.) strophomenoides showed a persistent decline trend in size [except that N. (S.) 
strophomenoides presents no significant size change across Bed 27–3]. This is in contrast to, 
T. pygmaea and T. quadrata, both of which first persistently and steadily increased their size 
from Bed 12 to Bed 27–2, and then decreased in size from Bed 27–2 to Bed 27–4. Overall, 
the sizes of the two Tethyochonetes species maintained a relatively stable range between Bed 
12 and Bed 27–4, compared to the evident size reduction of the two Neochonetes species over 
the same stratigraphic interval. 
This negative correlation in the timing of body size changes between the two genera over 
the same time span in the same habitat could be explained by possible inter-genus (but intra-
subfamilial) competitions (i.e., competitions between species of Tethyochonetes and 
Neochonetes within the Subfamily Rogosochonetinae) and the shorter lifespan (in 
Tethyochonetes). In sharing a similar ecological space (niche), the smaller-sized group 
(Tethyochonetes) would require less resource (e.g., food) for each individual and, as such, 
would have had significant advantages over larger-sized brachiopods in growing into larger 
populations (Figure 7.4) and still increasing their intra-species sizes (Figure 8.3).  
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8.3.4 New species unaffected by dwarfing 
In this context, a note of great interest must be made with respect to an apparent size stasis 
pattern of the three new species: T. sheni, N. (H.) archboldi and T. minor. Unlike the distinct 
size changes of T. quadrata, T. pygmaea, T. longtanensis, N. (H.) substrophomenoides and N. 
(S.) strophomenoides, the size of these three new species seem to have changed little (or 
insignificantly) throughout their stratigraphic range of Bed 27 (Figure 8.5A). It is difficult to 
explain why this is the case, but one thing that appears to be certain is that whatever factors 
that drove size changes in the existing species had little impact on the sizes of the new 
species. In evolutionary terms, this may mean that newly evolved species might have greater 
plasticity in resisting selection pressures against body sizes, compared to existing species 
living in the same environment. In other words, existing or surviving species are more likely 
to be affected by size-selection pressures than newly evolved species. 
 
8.3.5 An example of brachiopod miniaturization 
T. minor differs from T. quadrata in its much smaller size, costellate ears and very short 
ventral median septum (Zhang et al. 2013). These two species seem to form an evolutionary 
lineage, in which T. quadrata could be the ancestor of T. minor, and the descendant has 
significantly smaller size and also morphological changes. As such, this lineage appears to be 
a fossil example for the Pattern C of miniaturization generalized by Harries & Knorr (2009). 
 
8.3.6 Factors affecting brachiopod body-size changes 
A large number of studies have attempted to address the causes of animal miniaturization 
or the ‘Lilliput Effect’ in the fossil record. In summary, temperature, anoxia, ocean 
acidification, food shortage and predation pressure have been considered as the main causes 
(Hallam 1965, Chapelle & Peck 1999, Price-Lloyd & Twitchett 2002, Twitchett 2005, 2007, 
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Hunt & Roy 2006, He et al. 2007b, 2010, Zhang & He 2008, Payne et al. 2009, Wade & 
Twitchett 2009, Song et al. 2011, Rego et al. 2012). As far as the Zhongzhai section is 
concerned, we currently do not have any direct evidence to infer the oxygenation, 
temperature or pH conditions, nor is there any data on biotic interactions from this section, it 
is therefore premature for us to comment on the relative merit of these variables as possible 
drivers for the observed body size changes of the studied brachiopod species through the 
Zhongzhai section. However, we have some data that appear to shed some light on the 
dynamic relationships between food availability and brachiopod body size. 
Following McCarthy et al. (2004) and Pross et al. (2006), we have here referred to the 
content and abundance of spore and pollen as a proxy of terrestrial input and hence food 
source to the marine ecosystem, and acritarchs (phytoplankton) as an index of ocean primary 
productivity directly affecting the food resource for brachiopods. Fortunately, Dr. Y. Lei has 
recently undertaken a very detailed study of the organic-walled microphytoplankton in the 
Late Permian to earliest Triassic strata of South China (Lei et al. 2012, 2013a, 2013b, Lei 
2013). In Figures 8.5B–D, we have plotted the abundance data of both spore and pollen data 
as well as acritarchs data against Beds 4, 6, 12, 14 and 27. It is clear from this figure that 
spore, pollen and acritarchs were either absent or declined significantly from Bed 12 to Bed 
27–4, consistent with a persistent steady declining trend of the G13Corg values through the 
same stratigraphic interval – the latter has been interpreted as an indication of declining 
oceanic primary productivity (Shen et al. 2011). If so, this declining trend of food source may 
explain, or at least coincide with, the parallel declining trend in body size changes of the two 
brachiopod species [N. (H.) substrophomenoides and N. (S.) strophomenoides] from Bed 12 
to Bed 27–2, and five other brachiopod species [N. (H.) substrophomenoides, N. (S.) 
strophomenoides, T. quadrata, T. pygmaea, T. longtanensis] from Bed 27–2 to Bed 27–4 
(Figure 8.5A).  To this end, it is of great interest to note that these five species consistently 
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increased their body size from Bed 27–4 to 27–6, through the same stratigraphic interval 
when the abundance of spore, pollen and acritarchs also increased, suggesting a strong 
positive correlation between primary productivity and brachiopod body size (Figure 8.5). 
 
8.4 Conclusions 
This study has revealed two key stages of brachiopod body size changes in the lead up to 
the end-Permian mass extinction event: a relatively protracted period of size reduction (Bed 
12 to Bed 27–4), followed by a quick size recovery interval (Bed 27–5 to Bed 27–6) 
immediately preceding the end-Permian mass extinction. Both of these stages seem to have 
strong correlation with the quantity of terrestrial input (spore and pollen abundance) and 
marine microphytoplankton (acritarchs), thus possibly pointing to a possible cause––effect 
relationship between the two factors. Another factor that also seems to have played a role in 
regulating the temporal dynamics of brachiopod body size changes is interspecific 
competition (for resources) and interactions between closely related species. This is manifest 
by the opposite (offsetting) changing trends of body size between Neochonetes and 
Tethyochonetes species from Bed 12 to 27–2 in that Neochonetes species progressively 
decreased their sizes while the size of Tethyochonetes species was increasing. A third 
discovery from this study relates to a sharp contrast in size change dynamics between existing 
species and newly evolved species in that newly evolved species, following origination, 
appear to go through a period of size stasis while existing species living in the same 
environment tend to undergo significant size changes over the same period. 
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Chapter 9. Conclusions and future work 
 
9.1 Main research progresses 
This thesis has systematically studied the conodont biostratigraphy and brachiopod fauna 
from the Permian–Triassic boundary (PTB) Zhongzhai section located at the shallow-water 
clastic-shelf setting of the South China platform, and contributed to several new research 
progresses as follows: 
 Multiple lines of evidence (e.g., conodont index fossil, carbon isotope, U–Pb age and 
PTB interval claystone layers) are suggested to be used, where possible, for the 
confirmation and correlation of the Permian–Triassic boundary (PTB) in marine 
sections. 
 The first local occurrences of Hindeodus parvus could be diachronous in different 
sections with respect to the PTB defined by the First Appearance Datum of this 
species at the GSSP Meishan section, and the lower stratigraphic range of H. parvus 
could be extended to the latest Permian (as is the case at the Zhongzhai section). 
 Fifty-six brachiopod species (including ten new species, ten undetermined species and 
three comparative species) have been systematically described and some morphologic 
terms have been reviewed or revised here. 
 A detailed palaeoecological analysis of the Zhongzhai brachiopod fauna has been 
done for the brachiopods before and after the end-Permian brachiopod extinction. It is 
found that the dominant genus shifted from Neochonetes to Tethyochonetes just before 
the end-Permian mass extinction (below Bed 28), and that only Lingulidae 
brachiopods remained in the immediate post-extinction brachiopod fauna in the 
earliest Triassic. 
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 Three Changhsingian brachiopod assemblages (Neochonetes–Tethyochonetes 
Assemblage, Spinomarginifera–Peltichia–Oldhamina Assemblage and 
Tethyochonetes–Paracrurithyris–Paryphella Assemblage) have been suggested to 
represent, respectively, the shallow-water clastic-shelf facies, shallow-water carbon 
platform facies and deep-water siliciclastic facies in South China. 
 Based on the likelihood ratio test, the main brachiopod extinction horizon at the 
Zhongzhai section has been confirmed to be between Bed 27 and Bed 28; this end-
Permian mass extinction event is set at 18cm below the PTB at the Zhongzhai section. 
 A comparison of the timings of the end-Permian brachiopod extinctions of the 
Zhongzhai section with five other key PTB sections of varying depositional water 
depths of South China indicates that the end-Permian brachiopod extinction occurred 
earlier in both the deep-water siliciclastic facies and the shallow-water clastic-shelf 
facies than it was in the shallow-water carbonate platform facies. To account for this 
spatial (environmental) difference in the timing of the end-Permian mass extinction, 
we propose that both the upward and downward expansion of the Oxygen Minimum 
Zone, as well as food shortage, played a significant and interacting role. 
 A detailed body-size change study of selected brachiopod species from the Zhongzhai 
section reveals that (1) brachiopods overall had started to reduce their sizes before the 
end-Permian mass extinction; (2) dwarfing occurred earlier in Tethyochonetes species 
than in Neochonetes species; (3) there was a negative correlation in size changes 
between these two genera; and (4) no significant size changes occurred among the 
new species evolved in the latest Permian. The interplay of food shortage and strong 
inter-species competition for resources between Tethyochonetes and Neochonetes is 
proposed to be the main controls differentially affecting the temporal dynamics of 
brachiopod body-size changes, except for the newly evolved species which appear to 
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have demonstrated a much greater plasticity in adapting and resistance to body-size 
selection pressures. 
 
9.2  Future work 
1. Brachiopod, as one of the main benthic animal groups in the Palaeozoic marine 
ecosystem, was largely replaced by bivalve after the end-Permian mass extinction. The quest 
for a better understanding of this profound change-over at a global marine ecosystem level 
remains to be a key frontier question for future research. In this thesis, as a preliminary study 
we have discovered that the overall of body-size changes trends of brachiopods and bivalves 
over the PTB transitional period are strikingly opposite to one another (Figure 9.1). What 
does this mean in a macro-evolutionary sense and why this was the case are questioned that 
clearly require future investigations. To tackle these questions, we plan to 1) build a more 
detailed database for the body-size changes of bivalves species that existed before, through 
and after the PTB this will, require more fossil collections and size measurements from 
multiple marine PTB sections in South China and other parts of the world; 2) compare the 
physiological differences between brachiopods and bivalves, and elucidate how their 
respective ecology and physiology might have affected their extinction risks and survivability 
across end-Permian mass extinction interval. 
2. The lower and earlier occurrence (below the currently accepted PTB) of Hindeodus 
parvus has been reported in the Zhongzhai section, and this implies that the local occurrences 
of H. parvus could be diachronous elsewhere. If this is indeed proved to be a widespread 
phenomenon at a global scale, it would have significant implications for how the PTB should 
be defined and correlated globally, and for understanding the rate (rapidity) and magnitude of 
the end-Permian mass extinction. To accomplish this, a systematic and critical global review 
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of H. parvus is necessary to establish (verify or refute) its synchronicity with the PTB defined 
using multiple stratigraphic tools (as opposed to just relying on the FAD of H. parvus as the 
only indicator for defining the PTB). Clearly, advanced geochronology will be crucial. To this 
end, we plan to study the U–Pb ages and carbon isotope chemostratigraphy, together with 
conodont biostratigraphy, in a number of deep-water marine PTB sections in South China 
(e.g., the Rencunping section) where we know there is potential to verify, refine and calibrate 
the temporal relationships of H. parvus in relation to the timing of some key PTB events 
(e.g., negative shifts of carbon isotopes, PTB ash layers). 
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Chapter 10. Brachiopoda taxonomy 
 
10.1 Morphological terms 
Micro-ornamentation with small tubes along the costellae in Rugosochonetidae Muir-
Wood, 1962 was first described by Liao (1980a). These small tubes (Figure 10.1) are radially 
distributed on the external surface of costellae, and may be rooted in, and originate from, the 
tertiary layer of the shell. On average, the tubes are 0.2–0.4 mm long, 0.05 mm across, with a 
density of 5–8 per mm2 near the anterior margin. 
 
Figure 10.1. Distribution of micro-ornamentation (tubes along costellae) on dorsal external 
mould, Scale bar = 2 mm. 
 
The taxonomic significance of these tubes as a type of micro-ornamentation in chonetid 
brachiopods has been noted but their value varies according to different workers. Based on 
this feature, Liao (1980a) introduced a new species, Neochonetes elegans Liao (1980a, p. 
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257, pl. 5, figs 1–3), from the upper Longtan Formation (Changhsingian) in Guizhou 
Province, South China. However, this species has no other notable differences to 
Neochonetes (Huangichonetes) substrophomenoides (Huang, 1932) except for bearing much 
smaller tubes along the costellae as noted by Liao (1980a). Consequently, in down-grading 
the taxonomic significance of this micro-ornament, Shen & Archbold (2002) synonymized N. 
elegans Liao, 1980a with N. (Huangichonetes) substrophomenoides (Huang, 1932), with the 
latter having priority. The present study also documents a large amount of exceptionally well 
preserved material in which well-preserved small tubes have been observed across several 
rugosochonetid genera including Neochonetes Muir-Wood, 1962 (Pl. 6, Figs P, W; Pl. 7, Figs 
C–F, I–N, R–U; Pl. 8, Figs Y–AB) and Tethyochonetes Chen et al., 2000 (Pl. 5, Figs A, H, R, 
U–W, Z–AB; Pl. 6, Figs B–D, F–L). It is, therefore, questionable if this character has any 
value in differentiating rugosochonetid genera. This point is important because such small 
and delicate micro-ornament may not easily be preserved in the fossil record. 
To date, few details are known about the nature of the hinge spines of Neochonetes Muir-
Wood, 1962 and Tethyochonetes Chen et al., 2000, except for the general abundance of these 
spines. The well-preserved Zhongzhai material suggests that the hinge spines of both 
Neochonetes (Pl. 6, Figs M, N, P, T, U, W, Y; Pl. 7, Figs C, D, K, N, O; Pl. 8, Figs B, G, I–K, 
T, V, W; Pl. 9, Figs A, B, D, G, H) and Tethyochonetes (Pl. 5, Figs B, F, I, K, V; Pl. 6, Figs I, 
J, L) share a common character in their distribution, that is, three pairs of unfledged spines 
near the beak, two middle pairs first projecting posteromedially and then posterolaterally, and 
two further lateral pairs just projecting posterolaterally without any curvature (Figure 10.2B). 
Previously, observations on the distribution of the hinge spines was mostly obtained from 
external moulds (Figure 10.2A), which rarely preserve the complete fine details of these 
features. Like the micro tubes mentioned above, the origin and taxonomic value of the 
different types of hinge spines have been interpreted differently. Xu & Grant (1994) defined  
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Fanichonetes as a new genus, partly on the basis of the presence of three pairs of unfledged 
spines, which they described as “spines mostly inclined toward midline”. On the other hand, 
Racheboeuf in Williams et al. (2000, p. 405) considered them to be moulds of the 'spine 
canals' inside the posterior margin; in other words, these so-called spines were not seen by 
Racheboeuf as true external spines. According to Racheboeuf & Garcia (1996), these 'spine 
canals' (or canal apertures) are quite common among many chonetid genera (e.g., Dunbar & 
Condra 1932, Cvancara 1958, Maxwell 1964, Archbold 1983, Xu & Grant 1994, Racheboeuf 
et al. 2004, Martínez Chacón & Winkler 2005), and may have acted as support space for the 
hinge spines at the posterior margin of the valve. Therefore, differing from other true hinge 
spines, which extend into and beyond the external surface of the shell, the unfledged spines 
do not extend outside, they may merely have existed either in some ancestral chonetid genera 
or may be a feature characterizing the juvenile stage of some chonetid genera. However, this 
interpretation is not entirely consistent with our observation of the present material from 
Zhongzhai. In most cases, these 'unfledged spines' may be merely internal canals rather than 
true spines (Figure 10.2; Pl. 6, Figs M, T, W, Y; Pl. 7, Figs A, D; Pl. 8, Figs B, G, V, W; Pl. 9, 
Fig. D). However, we have also observed that in some other material, the unfledged spines 
extend externally to form true spines (see Pl. 5, Fig. I; Pl. 6, Figs I, J, L; Pl. 7, Figs C, K, N, 
O). 
 
10.2 Systematic palaeontology 
The classification scheme above genus level is adopted from Racheboeuf (2000, 2007) 
Williams et al. (2000, 2002, 2006), and the use of morphological terms, unless otherwise 
discussed herein, follows Williams & Brunton (1997). All the specimens figured in this paper 
are preserved in the Micropaleontology Laboratory, Faculty of Earth Sciences, China 
University of Geosciences (Wuhan), China, with prefixes LZ for specimens from the 
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Zhongzhai section in Liuzhi County. 
 
Class LINGULATA Gorjansky & Popov, 1985 
Order LINGULIDA Waagen, 1885 
Superfamily DISCINOIDEA Gray, 1840 
Family DISCINIDAE Gray, 1840 
 
Orbiculoidea d’Orbigny, 1847 
 
Type species. Orbicula forbesii Davidson, 1848, p. 334, pl. 3, fig. 45; Wenlock, Silurian; West 
Midlands, England. 
 
Remarks. Despite its simple morphology, the terminology used to describe Orbiculoidea has 
not been consistent. To clarify the terminology adopted here, we have illustrated the main 
morphology terms used in this paper (Figure 10.3). As for the shell ornament, Williams et al. 
(2000, p. 90) and Mergl (2006, p. 224) used the term ‘concentric fila’ for the genus. However, 
other terms for the same or similar feature are also available in the literatures, for example 
‘concentric rugellae’ as used by Mergl (1996, 2006, 2010). In this study, we prefer the term 
‘concentric lines’ over ‘concentric fila’ to describe the shell ornaments derived from growth. 
This is because, in most of our material, the ornament of Orbiculoidea can be observed from 
the internal moulds. By definition, the external ornament reflected and observed from internal 
moulds of shells can not be described as fila (filum), which actually refer to ornamental 
features only preserved on shell external surfaces (Williams & Brunton 1997, p. 430).    
 
Discussion. After checking the material of the type species, Discina forbesii Davidson, 1848 
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preserved in the Natural History Museum in London, Mergl (2006) adopted a somewhat 
 
 
 
Figure 10.3. Illustration of morphology terms for the description of Orbiculoidea species. In 
A, the ventral valve is later view of Orbiculoidea liaoi Zhang et al. 2014; the dorsal valve is 
the later view of internal mould of Orbiculoidea sp. 2.  
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narrower definition for Orbiculoidea compared to that provided by Williams et al. (2000, p. 
90). According to Mergl (2006), Orbiculoidea shells are strongly dorsibiconvex, with a 
subtrapezoidal outline for its posterior shell part; and its concentric fila are separated by 
broader interspaces. However, the dorsibiconvexity as a diagnostic feature of Orbiculoidea is 
questionable as there are Orbiculoidea species with a ‘depressed convex’ ventral valve and a 
corresponding ‘depressed-conical’ dorsal valve (Winchell & Schuchert 1895), suggesting the 
possibility of some Orbiculoidea species with much reduced dorsibiconvexity. Consequently, 
we propose to slightly broaden the definition of Orbiculoidea with regard to its convexity, to 
accommodate shells varying from slightly or gently convexoplane to strongly dorsibiconcex 
profiles. As for the subtrapezoidal outline of the posterior shell part, it is also problematic as a 
diagnostic feature for Orbiculoidea because it could be either a preservational defect of the 
original material of the type species, or merely a reflection of some interspecific variation. In 
this regard, it is interesting to note that this feature is absent from many North American 
Orbiculoidea species (e.g., O. numulus Hall, 1892 and O. herzeri Hall, 1892), nor has it been 
observed from any of the well-preserved South China Late Permian (Lopingian) 
Orbiculoidea species we have examined here (Table 10.1).  
Acrosaccus Willard, 1928 resembles Orbiculoidea in size and outline, but has a nearly flat 
dorsal valve with a submarginal apex, pitted micro-ornamentation and sharper and more 
elevated concentric fila. Schizotreta Kutorga, 1848 is well discriminated from Orbiculoidea 
by its elongate oval outline, submarginal beaks on both valves and a short pedicle track. 
Gigadiscina Mergl & Massa, 2005 can also be easily distinguished from the present genus by 
its much larger size. Roemerella Hall & Clarke, 1890 differs from Orbiculoidea in having a 
pedicle track located on a broadly elevated area of the ventral valve. However, it is notable 
that both Gigadiscina and Roemerella are quite close to this genus in sharing many characters 
(outline, ornament and convexity), so they may be synonyms of Orbiculoidea. 
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Distribution. Although Williams et al. (2000) have attributed the age range of Orbiculoidea 
to Ordovician through to Permian, it is possible that this genus may have evolved as early as 
the Cambrian (e.g., Davidson 1868, Walcott 1912), and survived to as late as the Early to 
Middle Triassic (Spath 1935, Kummel 1953, Murata 1973, Liao 1980a, Xu & Liu 1983, 
Dagys & Kurushin 1985).  
 
Orbiculoidea anhuiensis Jin & Hu, 1978 (Pl. 1, Figs P, Q) 
 
1978 Orbiculoidea anhuiensis Jin & Hu, p. 107, pl. 1, figs 10, 11. 
1982 Orbiculoidea anhuiensis Jin & Hu; Wang et al., p. 187, pl. 85, figs 4, 5. 
 
Material. A ventral internal mould (LZ0400175). 
 
Diagnosis. Small to medium size, ventral shell elliptical; slightly convex; apex at one-third of 
shell posterior; pedicle track narrow and short; shell posterior slope (around pedicle track) 
straight. 
 
Description. Small to medium size for genus, ventral shell elliptical in outline; slightly 
convex, apex area conical, located at one-third of shell posterior, shell surface slightly convex 
towards anterior and anterolateral sides, posterior slope (around pedicle track) straight; 
pedicle track narrow, with nearly parallel margins, originating from shell apex, deepening and 
extending posteriorly, 1.5 mm long. Shell surface with fine concentric lines, interspace much 
wider than lines, 6–8 lines per 2 mm at anterior margin. 
 
Discussion. Jin & Hu (1978) named this species on the basis of a ventral valve and a dorsal 
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valve, both from the Gufeng Formation (Guadalupian) of South China, and selected the 
ventral valve (pl. 1, fig. 10) as the holotype. In addition, they described the dorsal valve with 
a subcircular outline, low conical profile, slightly eccentric apex and straight slopes (Jin & 
Hu 1978, p. 107). If only the ellipsoidal outline and its short pedicle track are considered, O. 
anhuiensis appears to be better placed in Schizotreta Kutorga, 1848. However, this species 
possesses a dorsal apex located close to the valve centre, rather than at a submarginal position 
as in Schizotreta. Additionally, the length/width ratio of O. anhuiensis (1.19, from the 
holotype in Jin & Hu 1978, p. 107, pl. 1, fig. 10) is smaller than that in typical Schizotreta 
species, such as Schizotreta? cf. rarissima (Barrande, 1879) with a length/width ratio of 1.33–
1.40 (Mergl 2006, pp. 232, 234, fig. 8B–D, F, G) and Schizotreta walker Mergl, 2006 with a 
length/width ratio of 1.40 (Mergl 2006, pp. 234, 235, fig. 8H–Q). Therefore, it is appropriate 
to place this species in Orbiculoidea d’Orbigny, 1847.  
Orbiculoidea platymitraformis Liang, 1990 is similar to the present species in size and 
outline, but it has a strongly convex dorsal valve and a long and linear pedicle track. In 
possession of a short pedicle track, O. anhuiensis is similar to O. qieermaensis Xu & Liu, 
1983, O. qinglongensis Liao, 1980a, O. tobaensis Jin & Sun, 1981 and O. yangkangensis Xu 
& Liu, 1983; however, the latter four species all have a circular or subcircular outline and an 
eccentric or strongly eccentric dorsal apex. Additionally, O. qieermaensis and O. 
yangkangensis have costellae on the shell surface, which allows their easy distinction from O. 
anhuiensis. 
 
Distribution. Guadalupian (Middle Permian) to Lopingian (Late Permian); South China 
(Guizhou and Anhui provinces). 
 
Orbiculoidea elegans Liao, 1980a (Pl. 1, Figs A–O) 
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1980a Orbiculoidea elegans Liao, pp. 252, 253, pl. 1, figs 20–22. 
 
Material. Three dorsal internal moulds (LZ1200180, LZ1200182, LZ1200203), a dorsal 
external mould (LZ1200191), five ventral internal moulds (LZ1200622, LZ1200606, 
LZ1200623, LZ1200621, LZ1200601) and three ventral external moulds (LZ1200625, 
LZ1200609, LZ1200602).  
 
Diagnosis. Small to medium size, subcircular in outline; ventral valve slightly convex; apex 
slightly eccentric; pedicle track wide, shallow and long, extending nearly to posterior margin, 
posterior slope convex. 
 
Description. Shell subcircular in outline, 8.5–11.4 mm long, 7.5–10.0 mm wide. Ventral valve 
apex conical, strongly eccentric, located about at one-third of shell posterior, other shell 
surface slightly convex and marginal area nearly flat; pedicle track wide, long and shallow, 
narrowing posteriorly and tapering at posterior margin, about 2–2.5 mm long. Dorsal valve 
gently conical, apex slightly to strongly eccentric. Both valve surfaces marked by very fine 
concentric lines, rounded in cross-section, interspace about two or three times wider than 
lines, about 10–12 lines per 2 mm near anterior margin. 
 
Discussion. This species was erected by Liao (1980a) on the basis of one ventral external 
mould (pl. 1, fig. 20) and one ventral valve (pl. 1, figs 21, 22) with the latter as the holotype. 
This species is similar to O. anhuiensis Jin & Hu, 1978 and O. platymitraformis Liang, 1990 
in its slightly convex ventral shell, but the latter two species both have elliptical outlines. 
More importantly, O. anhuiensis possesses a narrower and shorter pedicle track compared to 
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the present species. On the other hand, O. platymitraformis has an elliptical foramen 
connected to a narrow and linear pedicle track. O. elegans can be easily distinguished from 
O. qinglongensis Liao, 1980a as the latter has more convex ventral and dorsal valves, a 
narrower and shorter pedicle track and weaker concentric lines. 
 
Distribution. Lopingian (Late Permian); South China (Guizhou Province). 
 
Orbiculoidea nucleola Liao, 1980a (Pl. 2, Figs A–O) 
 
1980a Orbiculoidea nucleola Liao, p. 252, pl. 1, figs 10–16. 
 
Material. Seven dorsal internal moulds (LZ2701206, LZ1600208, LZ0400615, LZ2702627, 
LZ1200612, LZ1200613, LZ1200617), two ventral internal moulds (LZ0200199, 
LZ1200605) and three ventral valves (LZ1200611, LZ2702626, LZ2703197). 
 
Diagnosis. Medium to large size, subcircular in outline; nearly equally biconvex; apex 
eccentric, marginal area partly flat; pedicle track narrow and tapering at anterior margin, 
posterior slope slightly concave.   
 
Description. Medium to large size for Orbiculoidea, subcircular in outline, nearly equally 
biconvex (dorsal convexity slightly stronger than ventral valve), 11.9–17.0 mm long, 11.9–
17.1 mm wide. Ventral valve conical, apex from slightly eccentric to strongly eccentric (at 
one third of shell posterior), marginal area gently convex and with some parts nearly flat; 
pedicle track narrow and shallow, tapering near posterior margin, about 2–3 mm long; 
posterior slope (around pedicle track) slightly concave. Dorsal valve with slightly stronger 
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convexity, apex slightly eccentric. Concentric lines fine, interspace about two to three times 
wider than lines, about 8 lines per 2 mm near anterior margin.  
 
Discussion. This species was originally established on the basis of one ventral valve, one 
conjoined shell and one dorsal valve, with the ventral valve as the holotype (Liao 1980a, pl. 
1, figs 10, 16). We include more materials which allow a more detailed circumscription of 
this species. 
With a subcircular outline and biconvex valves, the present species is similar to 
Orbiculoidea qieermaensis Xu & Liu, 1983 and Orbiculoidea yangkangensis Xu & Liu, 
1983, but the latter two have costellae on their shell surface and a short pedicle track. 
Additionally, the apex in both valves of O. yangkangensis is less conical when compared to 
O. nucleola. O. qinglongensis Liao, 1980a readily differs from the present species in its 
gentle convexity, weak concentric lines and short pedicle track.  
 
Distribution. Lopingian (Late Permian); South China (Guizhou Province). 
 
Orbiculoidea qinglongensis Liao, 1980a (Pl. 2, Fig. R) 
 
1980a Orbiculoidea qinglongensis Liao, p. 252, pl. 1, figs 17–19. 
 
Material. A ventral internal mould (LZ0700187). 
 
Diagnosis. Medium size, subcircular in outline; ventral valve gently convex; apex eccentric, 
marginal area flat; pedicle track short and narrow. 
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Description. Medium size for genus, subcircular in outline, 11.3 mm long, 11.4 mm wide. 
Ventral valve gently convex, apex eccentric, marginal area flat; pedicle track short and 
narrow, not extending to posterior margin, about 2 mm long, posterior slope (around pedicle 
track) straight or slightly convex. Concentric lines fine and weak, about 10 lines per 2 mm 
near anterior margin, separated by interspaces two or three times wider than lines.  
 
Discussion. O. qinglongensis is similar to O. tobaensis Jin & Sun, 1981 in its subcircular 
outline and gently convex ventral valve, but the latter has a less eccentric ventral valve and 
less dense concentric lines. 
 
Distribution. Lopingian (Late Permian); South China (Guizhou Province). 
  
Orbiculoidea yangkangensis Xu & Liu, 1983 (Pl. 3, Fig. D) 
 
1983 Orbiculoidea yangkangensis Xu & Liu, p. 84, pl. 1, figs 1a–h. 
 
Material. A dorsal internal mould (LZ0300207). 
 
Description. Medium size for genus, circular or subcircular in outline, 16.5 mm long and 16.2 
mm wide. Dorsal valve strongly convex, conical, apex eccentric, at about one-third of shell 
posterior. Shell surface with fine concentric lines, stronger around apex; costellae weak and 
intermittent.  
 
Discussion. Xu & Liu (1983) characterized the species as: subcircular outline, unequally 
biconvex; ventral apex subcentral; pedicle track linear and shorter than one-fourth of shell 
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length; dorsal apex eccentric, dorsal interior with thin ridge, about one-fourth of shell length; 
shell surface with fine concentric lines and uneven costellae. Though there is only one 
specimen available for study, the dorsal valve is strongly convex and shows weak costellae, 
both similar to O. yangkangensis, and unlike any other Orbiculoidea species described here.  
 
Distribution. Lopingian (Late Permian) to Middle Triassic; South China (Guizhou Province) 
and northwestern China (Qinghai Province). 
 
Orbiculoidea sp. cf. O. elegans Liao, 1980a (Pl. 3, Figs E–H) 
 
Material. A dorsal external mould (LZ1200184), two ventral internal moulds (LZ1200610, 
LZ1200607) and a ventral external mould (LZ1200619). 
 
Description. Medium size for genus, elliptical in outline, 10.3–10.5 mm long and 8.5–8.8 mm 
wide. Ventral valve very low conical, apex eccentric, at about one-third of posterior shell, 
other shell part slightly convex and marginal area nearly flat; pedicle track wide and shallow, 
slightly narrowing posteriorly to marginal area; posterior slope (around pedicle track) straight 
or slightly convex. Dorsal valve slightly convex, apex eccentric, at one-third of posterior 
shell. Shell surface with fine concentric lines. 
 
Discussion. With an elliptical outline, the present species resembles Orbiculoidea anhuiensis 
Jin & Hu, 1978 and Orbiculoidea platymitraformis Liang, 1990, but O. anhuiensis has a 
shorter pedicle track, and O. platymitraformis possesses a strongly convex dorsal valve and 
linear pedicle track. The slight convexity, eccentric apex and a long pedicle track of the 
present material suggests a close relationship with O. elegans Liao, 1980a, from which they 
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may be distinguished by their elliptical outline and relatively wider pedicle track (especially 
in the shell posterior). It is possible that the Zhongzhai material may represent a new species, 
but certainty is lacking due to limited material available to characterize it in full. On the other 
hand, considering its close similarity with Orbiculoidea elegans, we assign this species to 
Orbiculoidea cf. O. elegans. 
 
Distribution. Changhsingian; Zhongzhai section. 
 
Orbiculoidea liaoi Zhang et al., 2014a (Pl. 2, Figs P, Q, T, U; Pl. 3, Fig. A) 
 
1978 Orbiculoidea minor Liao (MS); Feng & Jiang, 1978, p. 232, pl. 85, fig. 1.  
 
Remarks. The name O. minor was first proposed by Liao in an unpublished manuscript and 
the year of this manuscript was unclear (Feng & Jiang 1978, p. 232). Feng & Jiang (1978, p. 
232, pl. 85, fig. 1) subsequently figured and briefly described a specimen under this name and 
attributed the author of this species to Liao. Therefore, according to the International Code of 
Zoological Nomenclature (ICZN) Article 13.1 (Ride et al. 1999, p. 17), Orbiculoidea minor 
should be regarded as an invalid name. Consequently, we rename the species as Orbiculoidea 
liaoi. 
 
Holotype. A ventral valve (LZ2701198; Pl. 2, Figs P, Q) 
 
Material. Three dorsal valves (LZ2702614, LZ2702628, LZ2705200). 
 
Etymology. Named after Professor Zhuoting Liao, in a tribute to his outstanding contributions 
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to the research of Late Permian Brachiopoda of South China.  
 
Diagnosis. Very small, circular or subcircular in outline, gently convex; ventral valve slightly 
eccentric, pedicle track wide and shallow, extending to posterior margin, concentric lines 
weak or obscure.  
 
Description. Very small for genus, circular or subcircular in outline, 3.1–5.9 mm long and 
2.9–5.9 mm wide, gently biconvex. Ventral valve conical, apex slightly eccentric; pedicle 
track wide and shallow, extending to posterior margin, about 2 mm long; posterior slope 
(around pedicle track) convex. Dorsal valve conical, apex eccentric, at one-third of shell 
posterior. Shell surface with very weak or obscure concentric lines.  
 
Discussion. Orbiculoidea nucleola Liao, 1980a is similar to the new species in outline and 
convexity, but the former is much larger and has a narrow pedicle track and slightly concave 
posterior slope (around pedicle track). Orbiculoidea elegans Liao, 1980a, O. magna Feng & 
Jiang, 1978, O. qinglongensis Liao, 1980a and O. tobaensis Jin & Sun, 1981 all resemble O. 
liaoi in general outline, but O. tobaensis is much larger (Jin & Sun 1981, p. 127, pl. 1, figs 1, 
2) and its concentric lines coarser and stronger compared with O. liaoi. The relatively low 
convexity coupled with a much larger size can easily distinguish O. magna from the present 
species. O. elegans differs by having a slightly convex ventral valve and O. qinglongensis 
possesses a narrow and short pedicle track.  
 
Distribution. Lopingian (Late Permian); South China (Guizhou Province). 
 
Orbiculoidea sp. 1 (Pl. 2, Fig. S) 
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Material. A ventral internal mould (LZ0700186). 
 
Description. Shell small for genus, elliptical in outline. Ventral valve low conical, apex 
eccentric, marginal area slightly convex; pedicle track wide and long, tapering posteriorly, 
more than 2 mm long, posterior slope (around pedicle track) straight or slightly convex. Shell 
surface with weak and fine concentric lines.  
 
Discussion. With an elliptical outline, this single specimen may be compared with O. 
anhuiensis Jin & Hu, 1978, O. platymitraformis Liang, 1990 and Orbiculoidea cf. O. elegans 
Liao, 1980a. However, the narrow and short pedicle track of O. anhuiensis makes it very 
distinctive from this specimen. O. platymitraformis has an elliptical foramen connected to a 
narrow and linear pedicle track; and Orbiculoidea cf. O. elegans possesses a much lower 
conical ventral valve.  
 
Distribution. Changhsingian; Zhongzhai section. 
 
Orbiculoidea sp. 2 (Pl. 3, Figs B, C) 
 
Material. A dorsal internal mould (LZ1200616). 
 
Description. Medium size for Orbiculoidea, subcircular in outline, 11.5 mm long and 10.2 
mm wide. Dorsal valve gently convex, conical, apex eccentric, at about one-third of shell 
posterior; posterior slope strongly concave; surface with fine concentric lines. 
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Discussion. This single dorsal internal mould is characterized by its prominently concave 
posterior shell surface, which seems to be unique among all known species of Orbiculoidea. 
 
Distribution. Changhsingian; Zhongzhai section. 
 
 
Class STROPHOMENATA Williams, Carlson, Brunton, Holmer & Popov, 1996 
Order PRODUCTIDA Sarycheva & Sokolskaya, 1959 
Suborder CHONETIDINA Muir-Wood, 1955 
Superfamily CHONETOIDEA Bronn, 1862 
Family ANOPLIIDAE Muir-Wood, 1962 
Subfamily CAENANOPLIINAE Archbold, 1980 
 
Pygmochonetes Jin & Hu, 1978 
 
Type species. Pygmochonetes jingxianensis Jin & Hu, 1978 (pp. 111, 112, pl. 1, figs 28–31). 
Late Guadalupian; Gufeng Formation in Jing County, Anhui Province, South China. 
 
Discussion. Jin & Hu (1978, p. 111) named Pygmochonetes and listed its main characters as: 
semicircular or square-rounded outline, strong convexity in longitudinal direction, no sulcus, 
hinge spines extending posterolaterally, ventral median septum low, more than half of shell 
length, dorsal median septum thin and weak, two parallel accessory septa strong, extending to 
anterior margin. 
Pygmochonetes differs from Neochonetes Muir-Wood, 1962 by its long accessory septa in 
the dorsal valve, evenly distributed papillae. In sharing the hillock umbo, bifurcated costellae 
157 
 
and long ventral median septum, this genus resembles Parapygmochonetes He et al., 2014, 
but the latter has spines on ears, irregular costellae and discontinuous and irregular concentric 
lines. 
Striochonetes Waterhouse & Piyasin, 1970 (= Ratburia Yanagida, 1971, as suggested by 
Williams et al. 2000) [with the type species Striochonetes scutella Waterhouse & Piyasin, 
1970 (pp. 107–112, pl. 16, figs 1–39, pl. 17, figs 1–8) from the Middle Permian of Thailand] 
is similar with the present genus in outline, but the former has a much stronger median 
septum within the dorsal valve, no accessory septa, denticulate hinge and unevenly 
distributed papillae. 
Arctochonetes Ifanova, 1968 was established with Chonetina? postartiensis Ustritsky, 
1960 (pp. 112, 113, pl. 5, figs 7–13) from the Pechora Basin (Artinskian) of northwest Russia 
as its type species. When Jin & Hu (1978) compared Pygmochonetes with Arctochonetes, 
they suggested that the ventral interior of the latter possessed a median septum which 
diverges into two septa from the midvalve (reversed Y-shape), a feature also noted by Ifanova 
(1968) who described the septum as diverging into two rollers like a fork with an angle about 
60°. Although the presence of this feature seems to be supported by the illustrations provided 
by both Ustritsky (1960, pl. 5, fig. 13) and Ifanova (1968, pl. 4, fig. 6), the authenticity and 
hence taxonomic ultility of this feature must be questioned. First, when Ustritsky (1960) 
described the type species (Chonetina? postartiensis), he did not report this character. 
Second, the ventral interior of this type species is covered with dense vascular trunks, which 
diverge anteriorly at about 60°. Therefore, it is very likely that a combination of the median 
septum and some lateral vascular trunks within the ventral interior mould may have been 
mistaken by Ifanova (1968) as a ‘special’ and unique type of median septum. Nevertheless, 
regardless of the true nature of the median septum in Arctochonetes, this genus possesses 
much lower or weaker accessory septa in the dorsal interior and a pair of strong vascular 
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trunks in the ventral interior, relative and compared to similar features of Pygmochonetes. 
 
Distribution. Permian; Qixia Formation, Gufeng Formation, Longtan Formation, Shaiwa 
Group and Bayinhe Group; South China (Anhui and Guizhou provinces), northwestern China 
(Qinghai Province). 
 
Pygmochonetes sp. (Pl. 4, Figs A, B) 
 
Material. A ventral internal (LZ2702546) and a dorsal external mould (LZ2703540).  
 
Description. Small size for the genus, elliptical or elongatedly ovate outline if excluding ears, 
greatest width at hinge line, 7.7 mm long and 10.8 mm wide. Ventral valve strongly convex in 
visceral region, ears small, triangular, slightly inflated, well demarcated from visceral region; 
sulcus narrow or indistinct. Dorsal valve deeply concave; cardinal extremities acute, with an 
angle about 50–60°; ears small, acute, slightly concave, well demarcated from visceral 
region; fold narrow or indistinct. Shell surface covered with fine costellae; hinge spines 
posterolaterally projecting at an angle about 60°. 
Ventral valve and dorsal valve inner surfaces with radial papillae, evenly arranged.  
 
Discussion. This species is characterised by its elliptical or elongated ovate outline, strongly 
longitudinally-convex ventral profile and evenly arranged papillae; these features together 
suggest it belongs to Pygmochonetes. This species is somewhat similar to Pygmochonetes 
jingxianensis Jin & Hu, 1978 (pl. 1, figs 28–31) in having a strong convexity and fine 
costellae, but the latter has a rounded triangular outline, Pygmochonetes subjingxianensis 
Zhao & Tan, 1984b (pl. 1, fig. 8) and Pygmochonetes minor Jin et al., 1979 (pl. 23, figs 1–3) 
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may also be compared to the Zhongzhai material in convexity and costellae, but these two 
species have obtuse cardinal extremities. 
 
Distribution. Changhsingian; Zhongzhai section. 
 
Genus Songzichonetes Yang in Feng et al., 1984 
 
Type species. Songzichonetes sanxiaensis Yang in Feng et al., 1984 (pp. 210, 211, pl. 31, fig. 
5). Guadalupian (Middle Permian); Maokou Formation in Mao’er Hill, Liujiachang Town, 
Songzi County, Hubei Province, South China. 
 
Discussion. Songzichonetes resembles Pygmochonetes Jin & Hu, 1978 in sharing the 
semicircular or roundish quadrate outline, strong convexity and absence of sulcus, but the 
former possesses concentric lines on shell surface and lacks the median septum in the dorsal 
interior. Neochonetes Muir-Wood, 1962 can be easily distinguished from Songzichonetes in 
the absence of accessory septa in the dorsal valve and concentric lines. The strong median 
septum and absence of accessory septa in the dorsal valve can easily distinguishes 
Striochonetes Waterhouse & Piyasin, 1970 from the present genus. 
 
Distribution. Guadalupian (Middle Permian) to Lopingian (Late Permian); Maokou 
Formation and Longtan Formation; South China (Guizhou and Hubei provinces). 
 
Songzichonetes sp. (Pl. 4, Fig. C) 
 
Material. A ventral external mould (LZ2703541).  
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Description. Small size for genus, elongatedly ovate outline, shell length nearly equivalent to 
maximum width; visceral region moderately convex, elongatedly triangular, lateral shell 
surface gently convex; cardinal extremities nearly squarely rounded, with an angle around 
100°; ears large (relative to body size), nearly flat or slightly inflated, with fine costellae and 
concentric lines, well demarcated from visceral region; sulcus absent. Surface with fine 
costellae and concentric fila, about 5 costellae per 2 mm near anterior margin. 
 
Discussion. The elongatedly ovate outline, coupled with an absence of sulcus and concentric 
lines, suggests that this species is assigable to Songzichonetes Yang in Feng et al., 1984. 
However, this single specimen appears to differ from the only two known Songzichonetes 
species, S. sanxiaensis Yang in Feng et al., 1984 and S. xingshanensis (Chang in Yang et al., 
1977), in its more elongated outline (greater length/width ratio) and distinct concentric lines 
on ears. 
 
Distribution. Changhsingian; Zhongzhai section. 
 
 
Family RUGOSOCHONETIDAE Muir-Wood, 1962 
Subfamily RUGOSOCHONETINAE Muir-Wood, 1962 
 
Tethyochonetes Chen et al., 2000 
 
Type species. Waagenites soochowensis quadrata Zhan in Hou et al., 1979, pp. 70, 71, pl. 4, 
figs 16–19. Lopingian; Lian County, Guangdong Province, South China. 
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Remarks. When Chen et al. (2000) proposed Tethyochonetes as a new genus to revise the 
South China “Waagenites” species, the key differences between these two genera were that 
Tethyochonetes has finer costellae, a less distinct sulcus, a longer ventral median septum, a 
shallow alveolus, a stout median septum and lateral septa in the dorsal valve (Chen et al. 
2000). 
Tethyochonetes differs from Neochonetes Muir-Wood, 1962 in the latter having more 
costellae (>25), papillae radially arranged and increasing in number and decreasing in size 
towards margin. Furthermore, Chen et al. (2000) suggested that Neochonetes has well-
developed vascular trunks in the ventral valve compared to Tethyochonetes. 
With a very transverse outline (width/length > 3), Fusichonetes Liao (Liao in Zhao et al. 
1981) can be easily distinguished from Tethyochonetes.  
Plicochonetes Paeckelmann, 1930 can be differentiated from Tethyochonetes in possessing 
concentric stria and lacking a sulcus. 
Waterhouseiella Archbold, 1983 seems to be distinguished from Tethyochonetes by 
possession of more hinge spines (at least 7–8 pairs) and coarser costellae (generally about 2 
per 1 mm at the anterior margin), as typified by its type species Waagenites speciosus 
Waterhouse & Piyasin (1970, p. 112, pl. 17, figs 9–30; pl. 18, figs 1–21; pl. 19, figs 1–8) 
from the Wordian of Khao Phrik in southern Thailand. Shen & Archbold (2002) have also 
considered that the different numbers of hinge spines would distinguish Waterhouseiella from 
Tethyochonetes. However, it must be noted that the apparent difference in the number of 
hinge spines between these genera could be a preservational artefact. This suspicion may be 
illustrated by Neochonetes sakagamii Yanagida (1971, p. 86, pl. 15, figs 3–9), a species that 
was considered by Archbold (1983) to be a junior synonym of Waagenites speciosus 
Waterhouse & Piyasin, as both came from the same area (Khao Phrik, southern Thailand) and 
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formation. As noted by Archbold (1983), these species are identical in all known features 
with the exception of the hinge spines in that W. speciosus was said to have 7–8 pairs, 
compared to 3–4 pairs in N. sakagamii. However, neither of the two species has been 
illustrated with well-preserved hinge spines in their original shell material, despite reported 
hinge spine bases in both species. Therefore, it is possible that the hinge spine bases reported 
from the internal moulds of W. speciosus by Waterhouse & Piyasin may only represent spine 
canals. This means that these spine canals did not project outside the shell, hence they can not 
be counted as true spines. On the other hand, the 3–4 pairs of spines reported from N. 
sakagamii were based on observations from external moulds, which we interpret to represent 
the number of true hinge spines for Waterhouseiella. 
 
Tethyochonetes chaoi Chen et al., 2000 (Pl. 5, Fig. A) 
 
1928 Chonetes cf. barusiensis (Davidson); Chao, pp. 29–31, pl. 1, fig. 18. 
1964 Chonetes barusiensis (Davidson); Wang et al., pp. 240, 241, pl. 37, figs 27, 33. 
1974 Waagenites barusiensis (Davidson); Jin et al., p. 311, pl. 164, fig. 8. 
1977 Waagenites barusiensis (Davidson); Yang et al., p. 332, pl. 135, fig. 4. 
1978 Waagenites barusiensis (Davidson); Feng & Jiang, p. 244, pl. 88, fig. 6. 
1979 Waagenites barusiensis (Davidson); Zhan in Hou et al., p. 71, pl. 4, figs 15, 20. 
1987 Waagenites barusiensis (Davidson); Xu in Yang et al., 1987, pl. 8, figs 17, 18; pl. 9,  
        figs 7, 8, 21. 
1989 Waagenites barusiensis (Davidson); Zhan in Li et al., pl. 25, fig. 9. 
 
Material. A dorsal external mould (LZ2702242). 
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Description. Shell medium-sized (for the genus), transversely reverse-trapezoid in outline 
(width/length = 2); 5.1 mm long and 10.0 mm wide, hingeline forming the greatest width; 
cardinal extremities acute, with an angle about 60°; ears large, nearly flat, smooth, well 
demarcated from visceral region. Dorsal valve moderately concave; fold slightly inflated, 
originating from umbo, widening and rising anteriorly. Coarse costellae, rounded, without 
bifurcation and intercalation, numbering about 18 near anterior; very small tubes along 
costellae, each tube about 0.3–0.4 mm long and 0.05 mm across, with a density of 4–5 per 
mm2 near midvalve. 
 
Remarks. Chen et al. (2000) defined this species based on the holotype illustrated by Jin et al. 
(1974, p. 311, pl. 164, fig. 8) from the Lungtan Formation (Late Permian, Chongqing City, 
South China). However, the material figured by Chen et al. (2000, p. 4, fig. 4J, K) was not 
well preserved, and the specimens appear to differ from the holotype in having a much less 
transverse outline (1.25 < width/length < 1.30). Therefore, it is unlikely that the two 
specimens illustrated by Chen et al. (2000) (see p. 4, fig. 4J, K) belong to Tethyochonetes 
chaoi. 
Tethyochonetes chaoi can be distinguished from T. soochowensis (Chao, 1928) in having 
coarser costellae and a more concave dorsal valve. With a transverse outline, smooth ears and 
simple costellae, T. chaoi resembles Tethyochonetes flatus Shen & Archbold (2002, pp. 342, 
343, fig. 6H–N) from the Douling Formation (Late Permian, Hunan Province, South China). 
However, the latter has nearly flat ventral and dorsal valves. 
 
Distribution. Late Permian; South China. 
 
Tethyochonetes longtanensis (Liao, 1984) (Pl. 5, Figs B–E) 
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1984 Waagenites longtanensis Liao, p. 279, pl. 1, figs 8, 9. 
2000 Tethyochonetes longtanensis (Liao); Chen et al., pp. 12, 13, fig. 4L, M. 
 
Material. A dorsal internal (LZ2701231), a ventral external (LZ2705303), two ventral 
internal moulds (LZ2702057, LZ2703230). 
 
Description. Small- to medium-sized shell (for the genus), subquadrate outline; 3.4–5.6 mm 
long and 5.4–8.9 mm wide, maximum width at hingeline; cardinal extremities nearly squarely 
rounded, with an angle about 80°; ears large, slightly inflated, well demarcated from visceral 
region. Ventral valve strongly convex but ears flattened; beak narrow and swollen, distinctly 
overhanging hingeline; umbonal region extending anteriorly, forming a narrowly triangular 
area, with an angle of umbonal region at about 70° (Figure 10.4B); sulcus narrow and deep, 
beginning from umbo, widening and deepening anteriorly. Dorsal valve moderately concave 
except for ears, which are nearly flat; fold narrow and prominent. Costellae rounded, 
originating from umbo, only bifurcating once at posterior of midvalve, numbering about 23 at 
anterior margin; hinge spines not well preserved. 
Ventral interior with short median septum, about one-quarter of shell length; inner surface 
with radial papillae, evenly distributed, with a density of 10–12 per mm2 near anterior. Dorsal 
interior radially papillate. 
 
Discussion. This species resembles Tethyochonetes quadrata (Zhan in Hou et al., 1979) in its 
transversely quadrate outline and strong convexity, but the latter has a shallow and wide 
sulcus, less prominently triangular umbonal area and more costellae. T. longtanensis is  
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Figure 10.4. Angle of umbonal region in T. longtanensis (Liao, 1984) and T. wongiania 
(Chao, 1928), Scale bar = 2 mm. 
 
similar to T. wongiania (Chao, 1928) in its deep and narrow ventral sulcus, inflated and 
narrow dorsal fold, but the larger angle of the umbonal region (110°, see Figure 10.4A) and 
more transverse outline (width/length = 2) readily distinguish the former from T. wongiania. 
 
Distribution. Changhsingian (Late Permian); South China. 
 
Tethyochonetes pygmaea (Liao, 1980a) (Pl. 5, Figs F, G) 
 
1979 Fusichonetes pigmaea (Liao) (nomen nudum); Liao, pl. 1, fig. 14. 
1980a Plicochonetes pigmaea Liao, p. 257, pl. 4, figs 4–6. 
1980b Fusichonetes pigmaea (Liao) (nomen nudum); Liao, pl. 1, figs 5, 6. 
1981 Fusichonetes pigmaea (Liao); Liao in Zhao et al., pl. 8, figs 7, 8. 
1982 Fusichonetes pigmaea (Liao); Wang et al., p. 200, pl. 96, figs 8, 9. 
1984 Waagenites pigmaea (Liao); Liao, p. 279, pl. 1, fig. 7. 
1987 Waagenites pigmaea (Liao); Liao, p. 100, pl. 3, fig. 24. 
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Remarks. When Liao (1980a) initially proposed this species, he primarily defined it on the 
basis of its unusually small size, hence naming the species pigmaea. However, the use of the 
word 'pigmaea' is incorrect as the correct Latin word is pygamea, meaning small. Therefore, 
according to the International Code of Zoological Nomenclature (pp. 39, 40, Article 32.5.1) 
(Ride et al. 1999), the correct name for this species should be pygmaea. 
Liao (1979, pl. 1, fig. 14) figured a single specimen as Fusichonetes pigmaea, intended to 
be a new genus as well as a new species, but he gave no description nor discussion for the 
intended new taxa. Therefore, Fusichonetes pigmaea Liao, 1979 should be discarded as a 
nomen nudum according to ICZN (p. 17, Article 13.1) (Ride et al. 1999). This invalid species 
was also referred to by Liao (1980b, pl. 1, figs 5, 6), although in the same year in a separate 
paper Liao (1980a, p. 257, pl. 4, figs 4–6) also referred to the same species as Plicochonetes 
pigmaea Liao. One year later, Liao (in Zhao et al. 1981, pp. 52, 53) formally described 
Fusichonetes as a new genus with Plicochonetes nayongensis Liao (1980a, pp. 256, 257, pl. 
4, figs 7–9) as its type species. As discussed before, Plicochonetes is easily distinguished 
from Tethyochonetes by having concentric stria and lacking a sulcus, and Fusichonetes differs 
from Tethyochonetes in its very transverse outline. 
 
Material. A ventral internal mould (LZ2704044) and a dorsal internal (LZ2703239). 
 
Description. Small shell (for the genus), transversely reverse-trapezoid in outline; 5.0–5.1 
mm long and 9.0–9.1 mm wide, maximum width at hingeline; cardinal extremities with an 
angle of 80–90°; ears small, smooth, well demarcated from visceral region. Ventral valve 
moderately convex; beak swollen, overhanging hingeline; sulcus prominent and wide, 
beginning from umbo, widening and deepening anteriorly. Dorsal valve gently concave; fold 
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varying from weak to prominent. Hinge spines well developed, two middle pairs 
posteromedially projecting first at 30–60° and then posterolaterally projecting at 50–70°. 
Ventral interior with short median septum, about one-third of shell length; inner surface 
radially papillate. Dorsal interior with radial papillae, evenly distributed, with a density of 
16–20 per mm2 near anterior. 
 
Discussion. This species is close to Tethyochonetes flatus Shen & Archbold (2002, pp. 342, 
343, fig. 6H–N) in its small size and trapezoid outline, but the latter has nearly flat ventral 
and dorsal valves. The present species resembles T. chaoi in its trapezoid outline, but the 
latter has more acute cardinal extremities and fewer costellae.  
 
Distribution. Changhsingian (Late Permian); South China. 
 
Tethyochonetes quadrata (Zhan in Hou et al., 1979) (Pl. 5, Figs H–N) 
 
1979 Waagenites soochowensis quadrata Zhan in Hou et al., p. 70, pl. 4, figs 16–19. 
2000 Tethyochonetes quadrata (Zhan); Chen et al., pp. 9, 10, fig. 4A–D, G. 
2002 Tethyochonetes quadrata (Zhan); Shen & Archbold, pp. 339, 341, fig. 6A–E. 
 
Material. A dorsal external mould (LZ2706008), a ventral internal (LZ0400246) and five 
ventral internal moulds (LZ2704091, LZ2705120, LZ2704302, LZ2706306, LZ2705392). 
 
Description. Small- to medium-sized shell (for the genus), slightly transverse to subquadrate 
in outline; 4.3–7.1 mm in length and 6.9–11.2 mm in width, hingeline forming the maximum 
width; cardinal extremities acute, with an angle of about 70–80°; ears slightly inflated, 
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smooth, well demarcated from visceral region. Ventral valve strongly convex; beak swollen, 
overhanging hinge; umbonal region extending anteriorly, forming a triangular area; sulcus 
shallow and wide, beginning from umbo, slightly deepening and widening anteriorly. Dorsal 
valve strongly concave; fold slightly inflated and wide. Costellae rounded, only bifurcating 
once at posterior of midvalve, numbering about 20–24 at margin; very small tubes along 
costellae, each tube about 0.2–0.4 mm long and 0.05 mm across, with a density of 10–15 per 
mm2 at anterior margin; hinge spines not well preserved (Pl. 5, Fig. I), three pairs of 
unfledged spines near beak, one middle spine posteromedially projecting first at 40–50° and 
then posterolaterally projecting at 70°, one lateral spine just posterolaterally projecting at 60°. 
Ventral interior with short median septum, about one-quarter to one-third of shell length; 
inner surface radially papillate, nearly evenly distributed, with a density of 12–18 per mm2 
near anterior. 
 
Discussion. The triangular umbonal region of the present species suggests a similarity to T. 
wongiania (Chao, 1928). However, the latter has a narrow and deep sulcus. T. quadrata is 
also somewhat similar to T. pygmaea (Liao, 1980a) in its shallow sulcus, but the latter has a 
more transverse outline.  
 
Distribution. Changhsingian (Late Permian); South China. 
 
Tethyochonetes soochowensis (Chao, 1928) (Pl. 5, Figs O, P) 
 
1928 Chonetes soochowensis Chao, pp. 31, 32, pl. 1, figs 14–16. 
1932 Chonetes soochowensis Chao; Huang, p. 5, pl. 1, figs 8a, 8b. 
1962 Chonetes soochowensis Chao; Chi-Thuan, pp. 489, 490, pl. 2, fig. 8. 
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1964 Chonetes soochowensis Chao; Wang et al., pp. 241, 242, pl. 37, figs 20, 21. 
1977 Waagenites soochowensis (Chao); Yang et al., p. 332, pl. 135, fig. 22. 
1978 Waagenites soochowensis (Chao); Feng & Jiang, p. 243, pl. 88, fig. 4. 
1979 Waagenites soochowensis (Chao); Zhan in Hou et al., p. 72, pl. 11, fig. 7. 
1980a Waagenites soochowensis (Chao); Liao, pl. 5, fig. 4. 
1980b Waagenites soochowensis (Chao); Liao, pl. 1, fig. 2; pl. 2, fig. 7. 
1982 Waagenites soochowensis (Chao); Wang et al., pp. 197, 198, pl. 95, fig. 8. 
1984 Waagenites soochowensis (Chao); Liao, pl. 1, fig. 10. 
1987 Waagenites soochowensis (Chao); Xu in Yang et al., pl. 8, figs 15, 16. 
1990 Waagenites soochowensis (Chao); Zhu, pp. 64, 65, pl. 18, figs 1, 2. 
1995 Waagenites soochowensis (Chao); Zeng et al., pl. 3, figs 13, 14. 
1998 Waagenites soochowensis (Chao); Shi & Shen, p. 509, fig. 4.6. 
2002 Tethyochonetes soochowensis (Chao); Shen & Archbold, pp. 338, 339, fig. 5O–R. 
 
Material. A dorsal internal (LZ2702235) and a ventral internal mould (LZ2702263). 
 
Description. Gross size medium for the genus, transversely reverse trapezoid in outline 
(width/length = 2); 5.7–5.9 mm long and 11.3–12.1 mm wide, hingeline forming the greatest 
width; cardinal extremities acute, with an angle about 60–80°; ears large, nearly flat, well 
demarcated from visceral region. Ventral valve gently to moderately convex; sulcus wide and 
shallow. Dorsal valve gently concave; fold slightly inflated and wide, beginning from umbo, 
slightly rising and widening anteriorly. Costellae fine, originating from umbonal region, only 
bifurcating once at posterior of midvalve, numbering about 32 at anterior margin. 
Dorsal interior with median septum, arising from umbo, persisting about half of shell 
length; inner surface radially papillate, papillae unevenly distributed, larger and less common 
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near umbo, with a density of 9–10 per mm2, smaller and densely packed near anterior, about 
18–20 per mm2.  
 
Remarks. Superficially, the specimen (LZ2702235) appears to possess papillae characteristic 
of Neochonetes Muir-Wood, 1962. The papillae in Neochonetes are of two types: one type 
characterized by few but relatively coarse papillae; another type with small and dense 
papillae restricted to the shell margin. In the studied specimen (LZ2702235), the papillae 
appear to be transitional between these two types in that relatively coarse papillae are only 
evident in the umbonal region and midvalve; from there to the anterior margin arise smaller 
and more densely packed papillae. In our view, this type of shell surface ornamentation is 
more characteristic of Tethyochonetes. 
 
Distribution. Late Permian; South China. 
 
Tethyochonetes minor sp. nov. (Pl. 5, Figs Q–T) 
 
2013 Tethyochonetes sp. cf. T. quadrata (Zhan in Hou et al., 1979); Zhang et al., p. 228, fig.   
        5Q–T. 
 
Holotype. Conjoined interior moulds of both valves (LZ0400278, Pl. 5, Fig. Q). 
 
Material. A ventral internal mould (LZ0400277), a dorsal external mould (LZ0400280), 
conjoined internal moulds of both valves (LZ0400281). 
 
Etymology. As its very small size. 
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Diagnosis. Very small-sized Tethyochonetes with subquadrate outline; gently concave-
convex; ears large, costellate; sulcus obscure or absent; ventral median septum very short. 
 
Description. Shell very small, subquadrate in outline; 1.4–2.1 mm long and 2.0–3.1 mm 
wide, hingeline forming the greatest shell width; cardinal extremities with an angle about 
90°; ears large, triangular, slightly inflated, costellate, well demarcated from visceral region. 
Ventral valve gently convex, more strongly inflated in visceral area; beak broad and swollen, 
slightly beyond hingeline; sulcus obscure or absent. Dorsal valve gently concave; fold 
indistinct or slightly inflated. Surface with simple costellae, numbering about 18–20 near 
margin, interspaces as wide as costellae; micro-ornamentation with very small tubes along 
costellae, each tube about 0.15–0.20 mm long and 0.03 mm across, with a density of 4–6 per 
0.25 mm2 at midvalve; hinge spines not well-preserved, one posterolaterally projecting at 
about 45° (Pl. 5, Fig. T). 
Ventral interior with median septum, very short, about one-fifth of valve length, only 
present in apical cavity; inner surface with radial papillae, with a density of 11–13 per 0.25 
mm2 at midvalve. 
 
Discussion. This Zhongzhai species is characterized by its very small size, subquadrate 
outline, gently convex ventral valve, hill-like inflation in the visceral region, large and 
costellate ears, obscure to absent sulcus and very short ventral median septum. It is somewhat 
similar to T. pygmaea (Liao, 1980a) in its small size, gentle convexity and simple costellae, 
but the latter has a more transverse outline, smooth ears and moderately deep sulcus. This 
species is also similar to Waagenites soochowensis quadrata Zhan in Hou et al. (1979, p. 70, 
pl. 4, figs 16–19) from the Shuizhutang Formation (Late Permian; Guangdong Province, 
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South China). When Zhan in Hou et al. (1979) proposed this new subspecies of Waagenites 
soochowensis, he characterized the subspecies by: a subquadrate outline, gentle to strong 
convexity, smooth and slightly convex ears, moderately deep sulcus, a long median septum  
 
Figure 10.5. Size distributions of Tethyochonetes minor sp. nov. and T. quadrata (Zhan in 
Hou et al., 1979). 
 
(about one-third of shell length), and having 25 costellae near the anterior margin. 
Subsequently, Chen et al. (2000) raised this subspecies to a species and named it 
Tethyochonetes quadrata. In addition, Chen et al. (2000) and Shen & Archbold (2002) have 
respectively provided some supplementary features of this species pertaining to intraspecies 
variations based on materials from other sections in South China. For example, according to 
these authors, the sulcus may vary from being moderately deep, broad and distinct to shallow, 
narrow and indistinct; and the number of costellae may range from 20 to 25 near the anterior 
margin. Despite this intraspecific variation, the Zhongzhai material still seems to differ from 
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T. quadrata in its much smaller size (Figure 10.5), costellate ears and very short ventral 
median septum. The small size of the Zhongzhai material is compared favourably to the 
juveniles of T. quadrata, but, these small Zhongzhai shells have prominent papillae on the 
inner surface, and coarse costellae and tubes on the external surface, suggesting that they are 
unlikely to be juvenile specimens.  
 
Tethyochonetes sheni Zhang et al., 2013 (Pl. 5, Figs U–Z) 
 
1980a Waagenites wongiana (Chao); Liao, pl. 5, fig. 8. 
1982 Waagenites soochowensis (Chao); Wang et al., pp. 197–198, pl. 95, fig. 7. 
 
Types. Holotype, a dorsal external mould (LZ2700271; Pl. 5, Fig. Z). 
 
Etymology. Named after Professor Shuzhong Shen, brachiopodolgist, Chinese Academy of 
Sciences, Nanjing, China. 
 
Other material. Three dorsal external moulds (LZ2702250, LZ2703257, LZ2702388). 
 
Diagnosis. Medium-sized Tethyochonetes with transversely reverse-trapezoidal outline; 
cardinal extremities obtuse; ears large, flat; dorsal valve moderately concave, fold prominent 
and moderately wide; ventral sulcus moderately deep and wide; costellae simple. 
 
Description. Tethyochonetes of medium size, transversely reverse-trapezoidal in outline; 4.9–
6.0 mm long and 7.9–10.2 mm wide, hingeline forming the greatest shell width; cardinal 
extremities with an angle about 90°; ears large, nearly flat, costellate, well demarcated from 
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visceral region. Ventral valve moderately convex; sulcus moderately deep and wide, 
originating from umbo anterior, widening and deepening anteriorly, about one-third of 
anterior margin in shell width. Dorsal valve visceral region moderately concave; beak low 
and swollen; fold wide, varying from being flattened to moderately inflated, originating from 
umbo anterior, widening and rising anteriorly, constituting about one-third of anterior margin 
width. Costellae originating from umbo, coarse (relative to shell size), simple (i.e., non-
bifurcated), rounded in cross-section, as wide as interspace, rarely intercalated towards 
margin, numbering ca 21–24 at margin; fine concentric lamellae visible only in marginal 
area; very small tubes along costellae, each tube about 0.3–0.4 mm long, 0.05 mm across and 
with a density of 4–6 per mm2 at anterior; hinge spines not well-preserved. 
Dorsal interior with trifid cardinal process (Pl. 5, Figs U, W, X, Z), interarea low, 
triangular. 
 
Discussion. This species is similar to T. flatus Shen & Archbold (2002, pp. 342, 343, fig. 6H–
N) in its transversely reverse trapezoidal outline and flat ears, but differs in the latter having 
nearly flat ventral and dorsal valves and no fold in dorsal valve. The new species is somewhat 
similar to T. quadrata (Zhan in Hou et al., 1979) in its large ears and slightly inflated to 
flattened fold; but the latter has a strong concave dorsal valve, acute cardinal extremities and 
well-demarcated ears. The present material is also comparable with T. longtanensis (Liao, 
1984) in their gently concave dorsal valve, large ears and distinct fold; but T. longtanensis has 
a strongly convex ventral visceral disc with a narrower and deeper sulcus. Compared to 
Tethyochonetes? liaoi Chen et al., 2000, the present species can be distinguished by its more 
concave dorsal valve, well-demarcated ears and narrower and deeper sulcus. T. soochowensis 
(Chao, 1928) has a more transverse outline, well-demarcated ears, acute cardinal extremities 
and a weak fold, when compared to the Zhongzhai species. 
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T. pygmaea (Liao, 1980a) shares general features with the present species, but T. sheni has 
costellate ears and a well-developed dorsal fold. However, the single specimen figured by 
Liao (1987, pl. 3, fig. 24) as T. pygmaea appears to be very similar to the Zhongzhai species,  
 
Figure 10.6. Ratio of length/width of T. sheni Zhang et al., 2013, T. guizhouensis (Liao, 
1980a) and T. wongiana (Chao, 1928). 
 
although the figured specimen is obscure, preventing detailed comparison of characters. T. 
wongiania (Chao, 1928) and Tethyochonetes guizhouensis (Liao, 1980a) can be readily 
distinguished from the present species in having fewer costellae (16–20 in total for T. 
wongiania; 16–18 for T. guizhouensis) and a more transverse outline (width/length >2) 
(Figure 10. 6). Additionally, T. wongiania has only a weakly developed dorsal fold.  
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Tethyochonetes cheni Zhang et al., 2013 (Pl. 5, Figs AA, AB; Pl. 6, Figs A–K) 
 
Types. Holotype, a dorsal external mould (LZ2703265; Pl. 6, Fig. H). 
 
Etymology. Named after Professor Zhongqiang Chen, brachiopodologist, China University of 
Geosciences, China. 
 
Other material. Nine dorsal external moulds (LZ2706032, LZ2701034, LZ2702071, 
LZ2703237, LZ2706254, LZ2702260, LZ2703266, LZ2704301, LZ2705312), a dorsal 
internal (LZ2702223). 
 
Diagnosis. Tethyochonetes with small to medium reversed trapezoidal or quadrate outline; 
dorsal valve gently concave; cardinal extremities quadrate; ears nearly flat; fold absent. 
 
Description. Gross dimensions small to medium size for the genus, reverse trapezoidal or 
quadrate outline; 3.9–6.8 mm long and 7.3–10.3 mm wide, hingeline forming the maximum 
shell width; cardinal extremities varying from slightly acute to quadrate, with an angle about 
70–90°; ears smooth, nearly flat, well demarcated from visceral region. Dorsal visceral region 
strongly concave; fold absent. Surface with coarse costellae, costellae slightly wider than 
interspace at cross section, numbering about 20–25 at margin; fine concentric lamellae visible 
near dorsal margin; very small tubes along costellae, each tube about 0.3–0.4 mm long and 
0.05 mm across, with a density of 5–6 per mm2 (Pl. 6, Fig. C) at anterior; 2–4 pairs of 
extended hinge spines, two lateral ones posterolaterally projecting at 50–60° (Pl. 6, Figs D, 
H). 
Ventral interior with triangular and low interarea; median septum short, thin, extending 
177 
 
anteriorly to form a median ridge; inner surface with radial papillae, with a density of 15 per 
mm2 at anterior. Dorsal interior with quadrilobate cardinal process (Pl. 6, Figs B, I–K); inner 
surface radially papillate. 
 
Discussion. This species is somewhat similar to T. chaoi Chen et al., 2000, T. soochowensis 
(Chao, 1928) and T. wongiania (Chao, 1928) in having an obsolete fold, but it is less 
transverse and has fewer concentric lamellae on the dorsal valve. It is also similar to T. 
pygmaea (Liao, 1980a) in its reverse trapezoidal outline; however, the latter has a prominent 
dorsal fold and no concentric lamellae. 
 
Tethyochonetes sp. (Pl. 6, Fig. L) 
 
Material. A dorsal external mould with a fragment of ventral internal mould attached 
(LZ2705024). 
 
Description. Shell of medium size for the genus, transversely reverse-trapezoid in outline; 5.6 
mm long and 9.7 mm wide, greatest shell width at hingeline; cardinal extremities acute, with 
an angle about 50–60°, lateral margins slightly convex; ears small, smooth, well demarcated 
from visceral region. Ventral beak low, narrow, extending slightly beyond hingeline. Dorsal 
valve strongly concave in profile, maximum concavity at anterior of midvalve, geniculated in 
longitudinal outline; fold indistinct. Surface with 17–18 costellae, well rounded at cross 
section, only bifurcating once at anterior margin; very small tubes along costellae, each tube 
about 0.2–0.35 mm long and 0.05 mm across, with a density of 6–8 per mm2 at anterior 
margin; hinge spines not all preserved, but one clearly prominent, posteromedially projecting 
first from hinge line at 50–60° and then posterolaterally projecting at 30–40°.  
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Ventral interior with short median septum extending anteriorly to form a median ridge for 
one-third of shell length; inner surface with papillae, radially arranged. 
 
Discussion. This species is assigned to Tethyochonetes Chen et al., 2000 based on its coarse 
costellae (<20). The strong concavity of the dorsal valve with a geniculation appears to 
distinguish the Zhongzhai material from all other known species of Tethyochonetes. 
 
 
Neochonetes Muir-Wood, 1962 
 
Type species. Chonetes dominus King, 1938, pp. 259, 260, pl. 36, figs 1–7. Pennsylvanian, 
north-central Texas (USA). 
 
Remarks. Neochonetes was a cosmopolitan genus with a high species diversity, ranging from 
the Late Carboniferous to Permian. The definition of this genus first proposed by Muir-Wood 
(1962) has been partly revised by Archbold (1981). For instance, the profile was expanded 
from plano- or slightly concavo-convex to plano- or moderately concavo-convex based on 
additional information that was not available to Muir-wood (1962). In this paper, we further 
propose the inclusion of 'Neochonetes-like papillae' as a distinctive surface ornamentation 
feature characteristic of this genus, defined as a type of fine surface ribbing, radially 
arranged, anteriorly increasing in number and decreasing in size towards margin (see Figure 
10.2B). In fact, Muir-Wood (1962, p. 87) also noted this type of papillae as a characteristic of 
Neochonetes when she diagnosed the genus as having “anterior and lateral margins of both 
valves with row of very fine papillae, coarser papillae posteriorly”. 
Since this genus was founded, several groups, treated as subgenera, have been recognized 
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by Archbold (1981, 1982, 1999) and Shen & Archbold (2002). Based on the type species, 
Chonetes prattii Davidson (1859, p. 116, pl. 4, figs 9–12), Archbold (1981, 1982) proposed a 
subgenus Neochonetes (Sommeriella) for Neochonetes shells with their greatest width at 
midvalve, obtuse cardinal extremities, and a moderately narrow and deep sulcus. Further, 
Archbold (1999) established subgenus Neochonetes (Nongtaia) to represent small-shelled 
Neochonetes with their maximum width at midvalve, a relatively narrow and distinct sulcus, 
distinct dorsal fold and coarse ornament increasing by bifurcation. In the same paper, 
Archbold (1999) proposed another subgenus, Neochonetes (Zechiella) [type species Chonetes 
davidsoni von Schauroth (1856, p. 222, pl. 11, figs 1a–b)], based on a distinctive Late 
Permian Neochonetes group from the Zechstein Basin (England, Germany and possibly 
Armenia) in Europe, characterized by thin and small shell, with obsolescent radial capillae, 
fine concentric stria and lacking a sulcus. 
Two further subgenera of Neochonetes have been proposed by Shen & Archbold (2002). 
Neochonetes (Huangichonetes) Shen & Archbold (2002) [type species Chonetes 
substrophomenoides Huang (1932, pp. 3–5, pl. 1, figs 3–7)], is characterized by strong 
convexity, acute cardinal extremities, a narrow and deep sulcus, and a short median septum. 
Neochonetes (Zhongyingia) Shen & Archbold, 2002 [type species Neochonetes 
zhongyingensis Liao (1980a, p. 257, pl. 5, figs 10–13)], is distinguished by a nearly flat to 
moderate convexity, acute cardinal extremities, straight or slightly concave lateral margins, a 
wide and shallow sulcus, and a long median septum.  
 
Distribution. Late Carboniferous to Late Permian; cosmopolitan. 
 
Neochonetes (Huangichonetes) Shen & Archbold, 2002 
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Type species. Chonetes substrophomenoides Huang, 1932, pp. 3–5, pl. 1, figs 3–7. Lopingian, 
South China. 
 
Neochonetes (Huangichonetes) substrophomenoides (Huang, 1932) (Pl. 6, Figs M–Z) 
 
1932 Chonetes substrophomenoides Huang, pp. 3–5, pl. 1, figs 3–7. 
1964 Chonetinella substrophomenoides (Huang); Wang et al., pp. 243, 244, pl. 37, fig. 31. 
1977 Neochonetes substrophomenoides (Huang); Yang et al., p. 331, pl. 135, fig. 20. 
1978 Chonetinella substrophomenoides (Huang); Feng & Jiang, pp. 242, 243, pl. 88, fig. 1. 
1979 Neochonetes sublatisinuata Zhan in Hou et al., p. 70, pl. 11, figs 5, 6, 8. 
1980a Neochonetes elegans Liao, p. 257, pl. 5, figs 1–3. 
1980a Neochonetes convexa Liao, p. 257, pl. 5, fig. 18. 
1982 Neochonetes substrophomenoides (Huang); Wang et al., p. 200, pl. 96, figs 10–11. 
1987 Neochonetes substrophomenoides (Huang); Xu in Yang et al., p. 221, pl. 9, figs 14–20, 
26–27. 
1987 Neochonetes convexa Liao; Xu in Yang et al., p. 221, pl. 9, fig. 25; pl. 10, figs 7, 9. 
1989 Neochonetes cf. substrophomenoides (Huang); Zhan in Li et al., pl, 25, fig. 16. 
2002 Neochonetes (Huangichonetes) substrophomenoides (Huang); Shen & Archbold, pp. 
337, 338, fig 5E–J, L–M. 
 
Material. Nine ventral internal moulds (LZ1400097, LZ1200102, LZ0400111, LZ1400114, 
LZ0400128, LZ2706264, LZ1400368, LZ2702387, LZ1400530), a dorsal internal 
(LZ2702224), a conjoined internal mould of both valves (LZ0400113), a internal mould of 
dorsal valve and a fraction of ventral external mould (LZ2703216). 
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Description. Neochonetes (Huangichonetes) of medium size, reverse trapezoid to 
subquadrate outline; 5.3–9.5 mm long, 9.2–14.2 mm wide, maximum shell width at 
hingeline; cardinal extremities with an angle about 60–70°; ears slightly inflated, well 
demarcated from visceral region. Ventral valve strongly convex in profile; beak low, broad 
and swollen, slightly extending beyond hingeline; sulcus moderately deep, originating from 
umbo anterior, widening and deepening anteriorly. Dorsal valve moderately concave; fold 
narrow and inflated. Costellae fine, rounded, simple or only bifurcating once near margin, 
totaling about 35–40 near anterior margin; very small tubes along costellae, about 0.2–0.3 
mm long and 0.05 mm cross, with a density of 7–8 per mm2 at anterior; 4 pairs of hinge 
spines (in addition to three pairs of unfledged hinge spines near beak, see Figure 10.2B) 
projecting from middle of hingeline towards cardinal extremities: the first pair projecting first 
posteromedially at an angle of about 50–60° to hinge, then turning and projecting 
posterolaterally at about 30–40°; the second pair first projecting posteromedially at about 70–
80°, then projecting posterolaterally at the same angle as first one; the third and fourth pairs 
projecting consistently posterolaterally also at about 40–50° (Figure 10.2B). 
Ventral interior with median septum; median septum short, extending anteriorly to form a 
median ridge, about one-quarter to one-third of shell length; inner surface with papillae, 
radially-arranged, increasing in number but distinctly decreasing in size towards margin, with 
a density of 13–14 per mm2 at midvalve and 32–36 per mm2 at anterior; vascular trunks 
prominent, originating from apical cavity anterior, extending anteriorly nearly parallel to 
median septum. Dorsal interior with deep sockets, parallel to hingeline; outer socket ridges 
feeble, inner socket ridges prominent, divergent laterally at an angle about 150°; two lateral 
septa, both short and weak, divergent anteriorly at an angle of about 40–50°. 
 
Discussion. This species is very close to Neochonetes (Huangichonetes) inflatus Shen et al. 
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(2002, p. 671, fig. 3.1–3.9) in general outline, convexity and ventral median septum, but 
differs in the latter has its maximum width usually placed anterior of the hingeline, and its 
inner socket ridges diverging anteriorly at about 90°. The present species is similar to 
Neochonetes (Zhongyingia) zhongyingensis Liao, 1980a in its large size and transversely 
reverse trapezoidal outline, but N. (Zhongyingia) zhongyingensis can be distinguished from 
the present species by having a low to moderate convexity, almost straight or slightly concave 
lateral margins and a shallow sulcus. 
 
Figure 10.7. Ratio of length/width of N. (H.) substrophomenoides (Huang, 1932) and 
Chonetinella volitanliopsis (Xu in Yang et al., 1987). 
 
When Shen & Archbold (2002) proposed Neochonetes (Huangichonetes) as a new 
subgenus with Neochonetes (Huangichonetes) substrophomenoides (Huang, 1932) as the type 
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species, they also synonymized several species previously attributed to different genera (see 
the synonymy list in Shen & Archbold, 2002). We agree with most of these re-assignments, 
but Neochonetes volitanliopsis Xu in Yang et al. (1987, p. 222, pl. 10, fig. 1), which was 
renamed as Chonetinella volitanliopsis in Xu & Grant (1994, p. 28, fig. 15.1–15.3, 15.5, 
15.7), typically has aliform ears and a very transverse outline (width/length >2; Figure 10.7), 
suggesting that it may represent a separate species. Moreover, the specimen figured as 
Neochonetes (Huangichonetes) substrophomenoides by Shen & Archbold (2002, pp. 337–
338, fig. 5K) should also be relocated to Chonetinella volitanliopsis (Xu in Yang et al., 1987) 
in view of its aliform ears. 
 
Distribution. Late Permian; South China. 
 
Neochonetes (Huangichonetes) archboldi Zhang et al., 2013 (Pl. 6, Fig. AA; Pl. 7, Figs A–
O) 
 
Types. Holotype, a dorsal external mould with a fragment of ventral interior mould attached 
(LZ2706219; Pl. 7, Fig. N); paratype, a dorsal external mould with a fraction of ventral 
interior mould attached (LZ2703072; Pl. 7, Fig. D). 
 
Etymology. Named after the late Professor Neil Wilfred Archbold, in tribute to his important 
contributions to the study of Brachiopoda. 
 
Other material. Seven dorsal external moulds (LZ2700001, LZ2702061, LZ2702090, 
LZ2704108, LZ2705142, LZ2705143, LZ2703148), two dorsal external moulds with 
portions of a ventral interior mould attached (LZ2705137, LZ2702289), two ventral internal 
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moulds (LZ2705005, LZ2704059), one dorsal internal (LZ2705150). 
 
Diagnosis. Medium-sized Neochonetes (Huangichonetes) with reverse trapezoidal outline; 
dorsal fold narrow, gently to moderately inflated; ears demarcated gradually from visceral 
region; anterior margin with dense concentric lamellae leading to the formation of a ring-
shaped zone. 
 
Description. Neochonetes (Huangichonetes) of medium size with reverse trapezoidal outline; 
5.5–7.4 mm long and 8.4–11.2 mm wide, maximum width at hingeline; cardinal extremities 
terminated at angle about 70–80°; ears small, slightly inflated, gradually demarcated from 
visceral region. Ventral valve strongly convex; beak broad and swollen, extending slightly 
beyond hingeline; sulcus shallow and moderately wide, originating from umbonal region, 
widening and slightly deepening anteriorly. Dorsal valve strongly concave in visceral disc; 
fold narrow and gently or moderately inflated; fine concentric lamellae developed on anterior 
margin to form a ring-shaped zone (Pl. 7, Fig. H). Costellae coarse, cross section as wide as 
interspace, increasing by bifurcation anteriorly, numbering about 20–30 near anterior margin; 
very small tubes along costellae, each tube about 0.2–0.3 mm long and 0.05 mm across, with 
a density of 5–7 per mm2 at anterior; three pairs of unfledged spines near beak; in addition, at 
least two other lateral pairs of hinge spines also evident, the first pair of which project 
posteromedially at 30–40° first and then posterolaterally at 60°, followed by the second pair 
that project posteromedially at 70–80° and then posterolaterally at 70° (Pl. 7, Fig. O). 
Ventral interior with quite narrow median septum, extending about one-third of shell 
length; radial papillae strong and rare in visceral region, densely packed and smaller in 
marginal area, with a density of 10–11 per mm2 at midvalve and 26–32 per mm2 at anterior. 
Dorsal interior with bifid cardinal process (Pl. 7, Figs E, J); interarea low and triangular; 
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inner surface radially papillate. 
 
Discussion. This species is assigned to Neochonetes (Huangichonetes) Shen & Archbold, 
2002 based on the presence of Neochonetes-like papillae, strong convexity and the hingeline 
forming the greatest width. This species is similar to N. (Huangichonetes) 
substrophomenoides (Huang, 1932) in outline, convexity and fold, but the former has a 
relatively less inflated ring-shaped marginal zone formed by concentric lamellae, ears weakly 
demarcated from visceral region and fewer costellae. The Zhongzhai species can also be 
compared with Neochonetes (Huangichonetes) cursothornia Xu & Grant (1994, p. 28, fig. 
15.4, 15.6, 15.8–15.16) in outline, concavity and fold; but the latter has 3–4 pairs of 
hingespines directly projecting posterolaterally, a moderately deep sulcus, more costellae, and 
lacks a ring-shaped marginal zone formed by concentric lamellae. 
 
Neochonetes (Huangichonetes) sp. (Pl. 7, Figs P, Q) 
 
1987 Neochonetes substrophomenoides (Huang); Xu in Yang et al., p. 221, pl. 9, figs 22–24. 
 
Material. Two ventral internal moulds (LZ1400109, LZ0600131). 
 
Description. Large Neochonetes (Huangichonetes) with reverse trapezoidal outline; 7.1–8.3 
mm long and 13.6–16.5 mm wide, width nearly as twice as its length, hingeline forming the 
maximum shell width; cardinal extremities acute, with an angle of 70–80°; ears large, acute, 
slightly inflated, visibly demarcated from visceral region. Ventral valve moderately convex in 
profile; beak low, broad and swollen, projecting slightly beyond hingeline; sulcus moderately 
deep, beginning from umbo, slightly deepening and widening anteriorly. Surface with 
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costellae, only bifurcating once near margin, numbering about 40 near margin.  
Ventral valve with short median septum, about one-quarter to one-third of valve length; 
radial papillae prominent, increasing in number and decreasing in size towards margin, with a 
density of 4–6 per mm2 at midvalve and 15–17 per mm2 at anterior margin. 
 
Discussion. This species is similar to N. (Huangichonetes) substrophomenoides (Huang, 
1932) in its dense costellae, moderately deep sulcus and short median septum in the ventral 
interior, but the latter species is smaller and less transverse. The Zhongzhai species is similar 
to N. (Zhongyingia) zhongyingensis Liao, 1980a in its large ears, but the latter species is less 
transverse, has a shallow sulcus and a relatively long median septum in the ventral interior. 
 
Neochonetes (Huangichonetes) geniculatus Campi & Shi, 2005 (Pl. 7, Figs Z, AA) 
 
2005 Neochonetes (Huangichonetes) geniculatus Campi & Shi, pp. 280, 282, fig. 4A, G, I–O. 
 
Comments. Campi & Shi (2005) defined Neochonetes (Huangichonetes) geniculatus based on 
one external mould of a ventral valve, one corresponding internal mould of a ventral valve 
and one fragmentary ventral valve from South China, without description of dorsal material. 
We agree with the definition of this species and here add a description of its dorsal valve. 
 
Material. A conjoined shell of both valves (LZ0400118). 
 
Description. Neochonetes with a small shell of transverse reverse trapezoid outline; 6.9 mm 
long and 12.1 mm wide, shell maximum width seemingly at hingeline; cardinal extremities 
acute, with an angle about 60–70°; ears very small, flat and triangular, weakly demarcated 
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from visceral region. Ventral valve strongly convex, maximum convexity at anterior of 
midvalve, geniculation in longitudinal outline; beak low, narrow and swollen, slightly beyond 
hingeline; sulcus shallow or indistinct. Dorsal valve strongly concave, fold broad and slightly 
inflated or indistinct. 25–30 costellae on shell surface, costellae narrower than interspace, in a 
few cases bifurcating once at anterior margin.  
Ventral interior with very short median septum, only present in apical cavity; inner surface 
with papillae, radially-arranged, increasing in number and decreasing in size towards margin; 
vascular trunks parallel to median septum. Dorsal interior with deep sockets, extending 
anteriorly for 1mm, divergent laterally at 150°, with prominent inner socket ridges and feeble, 
short outer socket ridges; two lateral septa very short, each about 1 mm long, divergent 
anteriorly at about 40–50°; median septum long, arising from anterior of cardinal process, 
about half of valve length; inner surface with radially-arranged papillae, increasing in number 
and decreasing in size towards anterior margin, with a density of 8–10 per mm2 at midvalve 
and 40–45 per mm2 at anterior. 
 
Discussion. When Campi & Shi (2005) defined this species, they described the hinge spines 
as: “hinge spines not preserved but spine canals present, pointing towards umbo”. Based on 
the materials in this paper, there are only spine bases preserved, but they still reveal a similar 
distribution pattern to that described in N. (Huangichonetes) substrophomenoides (Huang, 
1932). This species can be easily differentiated from N. (Huangichonetes) 
substrophomenoides (Huang, 1932) and Neochonetes (Huangichonetes) cursothornia (Xu & 
Grant, 1994), as the latter two have larger ears and no geniculation. The Zhongzhai species is 
similar to Neochonetes (Huangichonetes) inflatus Shen et al., 2002 in its dense costellae, 
small ears and moderately deep sulcus, but the latter has obtuse cardinal extremities, no 
geniculation and its maximum width at maturity is usually placed anterior of the hingeline. 
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Distribution. Late Permian; Chuanmu section, Chongqing City; Zhongzhai section, Guizhou 
Province, South China.  
 
Neochonetes (Sommeriella) Archbold, 1982 
 
Type species. Chonetes prattii Davidson, 1859, pl. 4, figs 9–12. Sakmarian; Western 
Australia. 
 
Neochonetes (Sommeriella) strophomenoides (Waagen, 1884) (Pl. 7, Figs R–W) 
 
1884 Chonetes strophomenoides Waagen, p. 628, pl. 58, fig. 10a–f. 
1911 Chonetes strophomenoides Waagen; Frech, p. 164, pl. 23, fig. 5a, b. 
1980a Neochonetes convexa Liao, p. 257, pl. 5, figs 19–22. 
1982 Neochonetes convexa Liao; Wang et al., p. 200, pl. 95, fig. 13. 
1987 Neochonetes convexa Liao; Xu in Yang et al., p. 221, pl. 9, fig. 13; pl. 10, figs 4–6, 8, 
10. 
2002 Neochonetes (Sommeriella) strophomenoides (Waagen); Shen & Archbold, pp. 334,  
       335, fig. 5A, C, D. 
 
Material. A ventral external mould (LZ1200126), a dorsal internal mould (LZ1200133) and 
three dorsal external moulds (LZ1200084, LZ0400104, LZ0400105). 
 
Description. Shell of small size for the subgenus, quadrate in outline; 7.7–8.9 mm long and 
11.3–13.4 mm wide, maximum width at posterior of midvalve, hingeline slightly narrower 
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than the maximum width; cardinal extremities with an angle about 90°; ears large, slightly 
inflated, well demarcated from visceral region. Ventral valve moderately to strongly convex; 
beak broad; median sulcus moderately deep. Dorsal valve moderately to strongly concave; 
fold gently inflated, originating from umbonal area, widening and rising anteriorly, about 
one-third of shell anterior width. Costellae fine, increasing by intercalation, numbering about 
35 near anterior margin; very small tubes along costellae, each tube about 0.2–0.4 mm long 
and 0.05 mm across, with a density of 6–9 per mm2 at anterior. 
Dorsal valve with quadrilobate cardinal process; sockets deep; inner socket ridges about 
1.5 mm, divergent at an angle about 150°; two lateral septa low and short, about 1 mm long, 
divergent at 30–40°; median septum beginning from anterior of cardinal process, prominent 
at midvalve, about two-thirds of shell length; inner surface with radial papillae, larger and 
rare in visceral region and ears, and then becoming smaller and densely packed at marginal 
region, with a density of 12–15 per mm2 at midvalve and 24–30 per mm2 at anterior. 
 
Discussion. In having fewer costellae, the present species can be easily distinguished from 
Western Australian species Neochonetes (Sommeria) pratti (Davidson, 1859) (4–5 per mm 
near anterior), Neochonetes (Sommeria) tenuicapillatus Archbold (1981, pp. 122, 125; fig. 9; 
6–7 per mm near anterior) and Neochonetes (Sommeria) afanasyevae Archbold (1981, pp. 
125, 126, fig. 10; 4–5 per mm near anterior). Neochonetes (Sommeria) robustus Archbold 
(1981, pp. 119, 121, 122, fig. 7), Neochonetes hockingi Archbold (1991, pp. 58, 60, fig. 2A–
R) and Neochonetes (Sommeriella) magnus Archbold (1997, pp. 204, 206, fig. 2A–M) differs 
from N. (Sommeriella) strophomenoides in that the former three species have an obscure or 
weak sulcus. Neochonetes (Sommeriella) cockbaini Archbold (1993b, pp. 189, 191, fig. 1A–
L) has a much deeper sulcus compared to the present species. 
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Distribution. Permian? South China, Tibet, Salt Range (Pakistan). 
 
Neochonetes (Sommeriella) regularis Shen et al., 2000 (Pl. 7, Figs X, Y) 
 
2000 Neochonetes (Sommeriella) regularis Shen et al., pp. 734, 735, fig. 6.4–6.13. 
 
Material. Two ventral internal moulds (LZ0400096, LZ2705145). 
 
Description. Shell of medium size for the genus with a subrectangular outline; 8.2–9.4 mm 
long and 13.2–14.6 mm wide, maximum width at midvalve, hingeline slightly narrower than 
the maximum width; cardinal extremities obtuse, lateral margins rounded, anterior side 
almost straight; ears relatively small, slightly inflated, well demarcated from visceral region. 
Ventral valve strongly convex; beak swollen; sulcus wide and moderately deep, beginning 
from umbonal region, widening and deepening anteriorly, about one-third of shell anterior 
width. Costellae rounded, originating from umbo, only bifurcating once at midvalve, 
numbering about 5–6 in 2 mm at anterior.  
 
Discussion. N. (Sommeriella) regularis and N. (Sommeriella) strophomenoides share 
characters such as the maximum width at the posterior of the midvalve, a moderately deep 
sulcus and a similar number of costellae, but, the latter possesses a subrectangular outline and 
regularly rounded lateral margins. 
 
Distribution. Middle to Late Permian; Tibet and South China. 
 
Neochonetes (Sommeriella) waterhousei Zhang et al., 2013 (Pl. 8, Figs C–L)  
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Types. Holotype, a ventral internal mould (LZ1400078; Pl. 8, Fig. G); paratype, a ventral 
internal mould (LZ1200074; Pl. 8, Fig. D). 
 
Etymology. Named after Dr John Bruce Waterhouse, in tribute to his important contributions 
to the study of the Brachiopoda. 
 
Other material. Seven ventral internal moulds (LZ1200073, LZ1200075, LZ1200076, 
LZ1200080, LZ0400100, LZ0400123, LZ1200132). 
 
Diagnosis. Shell of medium size for Neochonetes (Sommeriella) with subquadrate outline; 
slightly or gently convex; hingeline width less or equal to maximum width; ears large; sulcus 
absent or indistinct; costellae weak; median septum short, extending anteriorly to form 
median ridge. 
 
Description. Medium-sized subquadrate shell; 5.1–8.9 mm long and 8.0–14.6 mm wide, 
maximum width just posterior of midvalve, hingeline narrower or equal to maximum width; 
cardinal extremities obtuse, somewhat rounded, with an angle of 90°; ears large, ill 
demarcated from visceral region. Ventral valve slightly or gently convex; beak low, broad, 
slightly beyond hingeline; sulcus absent or indistinct. Costellae weak; 3–4 pairs of 
hingespines (in addition to three pairs of unfledged spines near beak), the first middle pair 
posteromedially projecting at 30–40° initially and then posterolaterally projecting at 60°, the 
second middle pair posteromedially projecting at 70–80° initially and then posterolaterally 
projecting at 80°, two lateral pairs just posterolaterally projecting at 60–70°. 
Ventral interior with short median septum, extending anteriorly to form a thick median 
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ridge; inner surface with radial papillae, larger and rare in visceral region and ears, and then 
becoming smaller and densely packed in marginal region, with a density of 6–8 per mm2 at 
midvalve and 20–25 per mm2 at anterior. Dorsal interior with deep, bladed sockets; inner 
socket ridges deep and prominent; outer socket ridges narrow, parallel with hingeline. 
 
Discussion. This species is assigned to Neochonetes (Sommeriella) Archbold, 1982 based on 
a subquadrate outline, its maximum width posterior to the midvalve and lack of a deep and 
narrow sulcus in the ventral valve. In view of its low convexity and extremely weak costellae, 
this species resembles Kitakamichonetes multicapillatus Afanasjeva & Tazawa (2007, pp. 
425, 427, 428, pl. 2, figs 1–12) from the Middle Permian (Wordian–Capitanian, Kanokura 
Formation) of the southern Kitakami Mountains (northeast Japan), but the latter has a much 
larger size (45–50 mm in width), much finer costellae (>200 costellae) and a much longer 
ventral median septum (about two-thirds of the valve length). In terms of its slightly or gently 
convex ventral valve, nearly smooth external surface and long median septum (ridge), the 
Zhongzhai species is similar to Tivertonia yarrolensis (Maxwell, 1964) (Archbold, 1983, pp. 
71, 73, fig. 2A–P), but the latter has even papillae on the inner surface. This species shares 
some features with Neochonetes (Huangichonetes) inflatus Shen et al., 2002, such as the 
hingeline being slightly narrower than the greatest shell width, flat ears and a median septum 
extending into a median ridge anteriorly; however, the latter has a strong convexity, a 
prominent sulcus and fine costellae. The Zhongzhai species is also close to Neochonetes 
guiyangensis Feng & Jiang (1978, p. 243, pl. 88, figs 2, 3) in its low convexity, indistinct 
ventral sulcus and weak costellae, but different in that the latter has much more costellae. N. 
(Sommeriella) strophomenoides (Waagen, 1884) resembles the Zhongzhai species in outline 
and obtuse cardinal extremities, but the latter has a very low convexity, lacks a sulcus, and its 
costellae are weak and its median septum extends anteriorly to form a median ridge. N. 
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(Sommeriella) regularis Shen et al., 2000, when compared to the Zhongzhai material, is 
uniquely characterized by having a subrectangular outline, more convex profile, a prominent 
sulcus and finer costellae. Both Neochonetes (Sommeriella) magnus Archbold, 1997 and 
Neochonetes (Sommeriella) nalbiaensis Archbold (1993a, pp. 6, 8; fig. 4A–N) approach the 
new species in their subquadrate outline, gently convex ventral valve and indistinct sulcus, 
but these two Western Australian species have a much larger size and a very long ventral 
median septum extending more than half the shell length. Another Western Australian 
species, Neochonetes (Sommeriella) hardmani Archbold (1993a, pp. 8, 10, fig. 5A–O) is also 
readily distinguished from the Zhongzhai species by its large size, depressed and well-
demarcated posterior lateral margins, a prominent sulcus and a longer and relatively high 
median septum. 
 
Neochonetes (Sommeriella) rectangularis Zhang et al., 2013 (Pl. 8, Figs M–V) 
 
1982 Neochonetes convexa Liao; Wang et al., p. 200, pl. 95, fig. 12. 
1987 Neochonetes convexa Liao; Xu in Yang et al., p. 221, pl. 9, fig. 28. 
 
Types. Holotype, a ventral internal mould (LZ2705020; Pl. 8, Fig. O). 
 
Etymology. For its rectangular outline. 
 
Other material. Nine ventral internal moulds (LZ2705016, LZ1400033, LZ2705042, 
LZ2703043, LZ2702049, LZ2705064, LZ2706146, LZ2703299, LZ2702382). 
 
Diagnosis. Shell small for Neochonetes (Sommeriella) with transversely subrectangular 
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outline, ventral valve strongly convex; cardinal extremities obtusely quadrate, lateral margins 
nearly straight; sulcus ill-defined or absent; median septum extending anteriorly to form a 
median ridge, about one-third of shell length.  
 
Description. Small shell in subgenus, transversely subrectangular in outline; 5.6–7.0 mm long 
and 9.1–11.2 mm wide, greatest width at hingeline, which is slightly wider than the width of 
posterior midvalve; cardinal extremities obtusely quadrate, with an angle of 80–90°, lateral 
margin and anterior margin nearly straight; ears small, slightly inflated, ill demarcated from 
visceral region. Ventral valve strongly convex, middle visceral region swollen; beak broad, 
swollen and slightly beyond hingeline; sulcus obscure or absent. Surface with fine costellae, 
simple; 3–4 pairs of hinge spines, two middle pairs projecting posteromedially first at 50–60° 
and then turned posterolaterally at ca 30–40°, two lateral pairs projecting posterolaterally at 
ca 70°. 
Ventral interior with median septum, extending anteriorly to form a median ridge, about 
one-third of shell length; inner surface with radial papillae, larger and rare in visceral region 
and ears, and then becoming smaller and densely packed at marginal region, with a density of 
12–14 per mm2 at midvalve and 30–35 per mm2 at anterior. Dorsal valve unknown. 
 
Discussion. This species is assigned to Neochonetes (Sommeriella) Archbold, 1982 in view of 
its hingeline being slightly wider than the midvalve width, having an obscure sulcus in the 
ventral valve and Neochonetes-like papillae. This species is very similar to N. (Sommeriella) 
regularis Shen et al., 2000 in its subrectangular outline, strong convexity, nearly straight 
anterior margins and fine costellae, but the latter is much larger, has a less transverse outline 
(Figure 10.8), regularly rounded lateral margins, a pronounced sulcus and a very short 
median septum restricted to the apical cavity area. This species approaches Neochonetes  
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Figure 10.8. Ratio of Length/width of N. (S.) rectangularis Zhang et al., 2013 and N. (S.) 
regularis Shen et al., 2000. 
 
(Sommeriella) hockingi Archblod, 1991 in many general aspects, but the Western Australian 
species has its maximum width just anterior to its shell mid-length, regularly rounded lateral 
margins and a slightly longer median septum. The subrectangular outline and obscure sulcus 
can easily distinguish the Zhongzhai species from N. (Sommeriella) strophomenoides 
(Waagen, 1884).  
The present species differs from Neochonetes (Sommeriella) waterhousei sp. nov. because 
of its transversely subrectangular outline and strong inflation (especially the swollen visceral 
region). 
 
Distribution. Late Permian; South China. 
 
Neochonetes (Sommeriella) sp. (Pl. 8, Figs A, B) 
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Material. Two ventral internal moulds (LZ0400099, LZ1400370). 
 
Description. Shell small for the subgenus, subquadrate in outline; 8.4 mm long and 11.8 mm 
wide, hingeline slightly narrower than maximum width at midvalve length; cardinal 
extremities obtuse or quadrate, with an angle of 90°; ears large, slightly inflated, demarcated 
from visceral region. Ventral valve moderately convex; beak low, broad, slightly beyond 
hingeline; sulcus shallow and broad, originating from anterior of umbo, slightly widening 
anteriorly. 
Ventral interior with a short median septum, extending anteriorly to form a median ridge, 
about one-quarter to one-third of shell length; inner surface with papillae, more or less 
concentrically arranged, larger and sparse in visceral region and ears, and then becoming 
smaller and densely packed near margin, with a density of 6–7 per mm2 at midvalve and 18–
20 per mm2 at anterior. 
 
Discussion. This species is assigned to Neochonetes (Sommeriella) Archbold, 1982 based on 
its hingeline being slightly narrower than the maximum width, and having a shallow and 
broad sulcus in the ventral valve. It is very similar to Tivertonia yarrolensis (Maxwell, 1964) 
(Archbold, 1983, pp. 71, 73, fig. 2A–P) in its gentle convexity and the number and 
distribution of the hinge spines, but the latter has evenly- and densely-arranged papillae on 
the inner surface and a long median septum extending anteriorly to form a median ridge for 
about three-quarters of the shell length. The present species differs from others of 
Neochonetes (Sommeriella) in its roughly concentrically arranged papillae. 
 
Neochonetes (Zhongyingia) Shen & Archbold, 2002 
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Type species. Neochonetes zhongyingensis Liao, 1980a, p. 257, pl. 5, figs 10–13. 
Changhsingian (Late Permian), South China. 
 
Neochonetes (Zhongyingia) zhongyingensis Liao, 1980a (Pl. 8, Figs W–AA) 
 
1980a Neochonetes zhongyingensis Liao, p. 257, pl. 5, figs 10–13. 
2002 Neochonetes (Zhongyingia) zhongyingensis Liao; Shen & Archbold, pp. 333, 334, fig.  
        4A–Q. 
 
Material. One ventral internal mould (LZ0400124), one conjoined internal mould of both 
valves (LZ0400110) and three dorsal external moulds (LZ1200082, LZ0400085, 
LZ0400127). 
 
Description. Shell of medium size for the subgenus, reverse trapezoidal outline; 5.6–7.9 mm 
long and 9.9–14.7 mm wide, hingeline forming the greatest width; cardinal extremities acute, 
with an angle of 60–80°; ears large, nearly flat, well demarcated from visceral region. Ventral 
valve gently to moderately convex, beak swollen, slightly beyond hingeline; sulcus shallow 
and broad, originating from umbo anterior, widening and slightly deepening anteriorly. 
Dorsal valve varies from nearly flat to gently concave; fold indistinct. Costellae fine, 
increasing by intercalation, numbering 30 near anterior margin; very small tubes along 
costellae, each tube about 0.25–0.35 mm long and 0.05 mm across, with a density of 3–5 per 
mm2 at anterior; hingespines not well preserved, one middle pair projecting posteromedially 
first at 50° and then turn posterolaterally at an angle about 40°, two lateral pairs projecting 
posterolaterally at about 30–60°. 
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Ventral interior with short median septum, higher at posterior, about one-quarter of shell 
length, in some cases it extending anteriorly to form a medium ridge about one-third of shell 
length; inner surface with radial papillae, papillae larger but rare in visceral region and ears, 
much smaller and more densely packed marginal areas, with a density of 8–9 per mm2 at 
midvalve and 20–25 per mm2 at anterior. Dorsal interior with quadrilobate cardinal process; 
sockets deep; inner socket ridges distinct, divergent at 150°; lateral septa thin, short, 
divergent at an angle about 50°; median septum beginning from anterior of alveolus, 
prominent at midvalve, about half of shell length; inner surface with Neochonetes-like 
papillae. 
 
Remarks. Liao (1980a) proposed Neochonetes zhongyingensis as a new species based on four 
specimens from the Longtan Formation (Changhsingian, Guizhou Province, South China), 
but only one of these was an external mould and no micro-ornamentation (tubes) on the shell 
external surface was either illustrated or described. Subsequently, when erecting Neochonetes 
(Zhongyingia) as a new subgenus, Shen & Archbold (2002) reinforced the observation of 
well-differentiated hinge spines, and well-developed radial papillae on the inner surface. But 
they did not illustrate the micro-ornamentation, nor detail the distribution of the papillae. 
Therefore, it is important to note, for the first time, the fine details of the surface micro-
ornamentation and papillae for the type species of Neochonetes (Zhongyingia), as described 
above.  
The present species differs from N. (Sommeriella) strophomenoides (Waagen, 1884) as the 
latter has a strong convexity and deeper sulcus, and its greatest shell width is located 
posterior to the midvalve.  
 
Distribution. Late Permian; South China. 
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Neochonetes (Zhongyingia) transversa sp. nov. (Pl. 4, Figs D–H; Pl. 7, Figs P, Q) 
 
1987 Neochonetes substrophomenoides (Huang); Xu in Yang et al., p. 221, pl. 9, figs 22–24. 
2013 Neochonetes (Huangichonetes) sp.; Zhang et al., pp. 239, 240, fig. 11P, Q. 
 
Types. Holotype, a ventral internal mould (LZ1200657; Pl. 4, Fig. E); paratyple, a dorsal 
external mould (LZ2702661; Pl. 4, Fig. H). 
 
Other material. A dorsal external mould (LZ2702660) and two ventral internal moulds 
(LZ1400659, LZ1200658). 
 
Etymology. For its transverse outline. 
 
Diagnosis. Large size in Neochonetes (Zhongyingia), reverse transversely trapezoidal outline; 
shell width twice shell length; ventral valve gently convex; cardinal extremities acute; sulcus 
shallow to moderately deep. 
 
Description. Large size in subgenus, reverse transverse trapezoid in outline, hinge line 
forming maximum width, 6.6–9.4 mm in length and 13.0–18.9 in width. Ventral valve gently 
convex; beak low, broad and swollen, slightly overhanging hinge line; cardinal extremities 
acute, forming an angle of 50–70°; ears large, slightly inflated, ill-demarcated from visceral 
region; sulcus shallow to moderately deep, originating from umbo, slightly deepening and 
widening anteriorly. Dorsal valve gently concave; fold slightly inflated, narrow at midvalve 
and widening anteriorly. Surface with costellae, only bifurcating or intercalating once near 
200 
 
margin, numbering about 38–42 near margin; very small tubes along costellae, about 0.2–0.4 
mm long and 0.05 mm cross, with a density of 4–5 per mm2 at anterior; 3–4 pairs of hinge 
spines, two middle pairs projecting initially posteromedially at an angle of about 30–50°, then 
turning and projecting posterolaterally at about 30–40°, the lateral 1–2 pairs of hinge spines 
projecting consistently posterolaterally at about 40–50°. 
Ventral valve with short median septum, about one fourth to one third of shell length; 
radial papillae prominent, increasing in number and decreasing in size towards anterior 
margin, with a density of 3–6 per mm2 at midvalve and 10–16 per mm2 at margin. 
 
Discussion. Compared with Neochonetes (Zhongyingia) zhongyingensis Liao, 1980a, the 
Zhongzhai species has a more transverse outline. Likewise, Neochonetes (Huangichonetes) 
substrophomenoides (Huang, 1932) can be easily distinguished from the present species by 
its stronger convexity, more prominent sulcus and a less transverse outline.  
 
Distribution. Lopingian (Late Permian); Yanshi Formation and Longtan Formation; South 
China (Guizhou and Fujian provinces). 
 
 
Neochonetes semicircularis Zhang et al., 2013 (Pl. 8, Fig. AB; Pl. 9, Figs A–H) 
 
Types. Holotype, a ventral internal mould (LZ2702212; Pl. 9, Fig. D); paratype, a ventral 
internal mould (LZ2704210; Pl. 9, Fig. C). 
 
Etymology. For its semicircular outline. 
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Other material. Five ventral internal moulds (LZ2703068, LZ2704411, LZ2704538, 
LZ2703543, LZ2702545) and one ventral external mould (LZ2702539). 
 
Diagnosis. Medium-sized Neochonetes, semicircular, greatest width at hingeline; ventral 
valve moderately convex in profile, gently arched latitudinally; ears small with acute cardinal 
extremities; sulcus absent, median septum short to slightly more than one-third of shell 
length; inner surface with Neochonetes-like papillae. 
 
Description. Shell of medium size for the genus, semicircular in outline; 6.4–7.8 mm long 
and 8.9–10.9 mm wide, hingeline forming greatest width; cardinal extremities acute, with an 
angle about 60–80°; ears small, slightly inflated, ill demarcated from visceral region. Ventral 
valve moderately convex, with a gently arched inflation latitudinally; beak low, swollen; 
sulcus absent. Surface with fine costellae, costellae occasionally intercalated, totaling about 
30–35 near margin; very small tubes along costellae, each tube about 0.2–0.3 mm long and 
0.05 mm across, with a density of 7–8 per mm2 at anterior; 3–4 pairs of hingespines, the first 
middle pair posteromedially projecting at 60–70° initially and then posterolaterally projecting 
at 60–70°, the second middle pair posteromedially projecting at 80° and then posterolaterally 
projecting at 50–60°, two lateral pairs projecting posterolaterally at 40–70°. 
Ventral valve interior with median septum, length varying from very short to slightly more 
than one-third of valve length; vascular trunks extending anteriorly, nearly parallel to median 
septum; inner surface with Neochonetes-like papillae, papillae coarse (relative to shell size), 
but rare in visceral region and ears, much smaller and more densely-packed at marginal areas, 
with a density of 9–13 per mm2 at midvalve and 25–30 per mm2 at anterior margin. 
 
Discussion. Afanasjeva (1977) proposed a new genus Permochonetes [type species 
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Permochonetes pamiricus Afanasjeva (1977, pp. 139, 140; fig. 1a–g, 2a–d)] from the 
Bazararian Suite (Early Permian, Pamirs), and suggested it can be only differentiated from 
Neochonetes Muir-Wood, 1962 in lacking a median septum in the dorsal valve. Although no 
dorsal material was obtained in the present study, this new species is provisionally assigned 
to Neochonetes based on its characteristic papillae and vascular trunks. The present species is 
quite similar to Permochonetes pamiricus Afanasjeva, 1977 in external characters, but the 
latter has greater density of costellae (ca 80 near margin).  
 
Figure 10.9. Ratio of length/width of N. semicircularis Zhang et al., 2013 and N. (Z.) 
zhongyingensis Liao, 1980a. 
 
The Zhongzhai species differs from N. (Nongtaia) Archbold, 1999 in having its maximum 
width placed at the hingeline and lacking a sulcus. With a nearly semicircular outline and lack 
of sulcus, N. semicircular is very similar to N. (Zechiella) Archbold, 1999, but the former 
lacks concentric striae. The Zhongzhai species is also somewhat similar to N. (Sommeriella) 
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strophomenoides (Waagen, 1884) in its moderate convexity, small ears, fine costellae and 
relatively long median septum, but the latter has a subquadrate outline, greatest width 
posterior of the midvalve, and a prominent sulcus. The present species differs from N. 
(Zhongyingia) zhongyingensis Liao, 1980a in its lower width/length ratio (Figure 10.9), 
stronger convexity at the umbo and fewer costellae. In having a prominent sulcus, N. 
(Huangichonetes) substrophomenoides (Huang, 1932) can be easily distinguished from the 
new species. 
 
 
Suborder PRODUCTIDINA Waagen, 1883 
Superfamily PRODUCTOIDEA Gray, 1840 
Family PRODUCTELLIDAE Schuchert, 1929 
Subfamily PRODUCTININAE Muir-Wood & Cooper, 1960 
Tribe PARAMARGINIFERINI Lazarev, 1986 
 
Paryphella Liao in Zhao et al., 1981 
 
Type species. Cathaysia sinuata Zhan in Hou et al., 1979 (= Cathaysia sulcatifera Liao, 
1980a, pl. 6, figs 8–10). Changhsingian; Dalong Formation in Jiaozishan Town, Anshun City, 
Guizhou Province, South China. 
 
Remarks. Liao (in Zhao et al. 1981, p. 53) officially proposed Paryphella with the type 
species Cathaysia sulcatifera Liao, 1980a based on the material collected from the 
Changhsingian Dalong Formation in Guizhou Province. However, Zhan (in Hou et al. 1979) 
had already descripted and figured Cathaysia sinuata as a new species with the specimens 
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from the Lopingian Changxing Formation in Guangdong Province. These two species share 
almost all the observed characters, such as the small shell size, similar ratio of width/length, 
rectangular outline, blunt cardinal extremites, large and inflated ears, coarse costae and 
especially the typical deep and narrow sulucs. Therefore, concoring with Xu (in Yang et al. 
1987, p. 223) and Xu & Grant (1994, p. 32) we also regard Cathaysia sulcatifera Liao, 1980a 
as a synonym of Cathaysia sinuata Zhan in Hou et al., 1979. 
 
Discussion. Jin (Ching) (in Wang et al. 1966) proposed Cathaysia with Productus 
chonetoides Chao, 1927 (pp. 62, 63, pl. 16, figs 1–5) from Longtan Formation (Lopingian) of 
South China (Jiangsu, Jiangxi and Anhui provinces) as its type species. To date, this genus 
has included a group of productinin species commonly found in the Permian strata of South 
China, typically with a small body size. However, since the establishment of Paryphella Liao 
in Zhao et al., 1981, the perceived differences between these two genera have been a matter 
of ongoing discussion. When Liao (in Zhao et al. 1981) proposed Paryphella, he stated that, 
compared to Paryphella, Cathaysia has a larger size, finer costae, spines on ventral surface, a 
concentric zone formed by thin lamellae on the gutter of ventral valve and, importantly, lacks 
ear-curtained. The so-called ‘ear-curtain’ was defined by Liao (in Zhao et al. 1981) as the 
extended parts of the ventral ears dorsally incurved and partly enclose the dorsal ears. It is of 
interest to note that although Liao (in Zhao et al. 1981) regarded the ‘ear-curtained’ as an 
important character defining Paryphella, at least two species he had published and figured 
later (in 1984), Paryphella sacoformis Liao, 1984 (p. 281, pl. 2, figs 20–23) and Paryphella 
sparsiplicata Liao, 1984 (p. 280, pl. 2, figs 6, 7), do not seem to possess this character. This 
raises the question as to the practicality of using this feature to separate Paryphella from 
Cathaysia, as has already been quentioned by Xu & Grant (1994), who considered that the 
ear-curtained was not a stable character within Paryphella and that this feature could exist in 
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the specimens of both genera which possessed inflated ears. As for the spines on shell 
surface, Liao (1980a) had clearly described the presence of spine bases on the shell surface of 
Paryphella sinuata (type species of Paryphella, Cathaysia sulcatifera, in Liao 1980a, p. 261), 
thus contradicting some of the previous studies that diagnosed Paryphella as lacking spines 
on shell surface (e.g., Xu & Grant 1994, p. 32).  
Thus, it appears that both the development of spines on the ventral valve and the ear-
curtain could not be used as consistent features to effectively separate the two genera. If 
considering some ‘juvenile characters’ (including the simple and fewer costae that usually 
tend to be indistinct at posterior, smaller shell size, weak or absent geniculation on the ventral 
valve, slightly concave dorsal valve and ill-developed papillae), it seems reasonable to regard 
Paryphella as a synonym of Cathaysia, as had been suggested by Xu (in Yang et al. 1987, p. 
223) and Xu & Grant (1994, p. 32). However, Paryphella does possess much coarser costae, 
as noted by Liao (in Zhao et al. 1981) and later confirmed and emphasised also by Chen et al. 
(2006) and He et al. (2014). Additionally, Paryphella has a very low and thin median ridge in 
the dorsal valve interior, unlike the well-developed median septum of Cathaysia. 
In this study, we adopted the approach used by He et al. (2014) who referred to the density 
(thickness) of costae as a key discriminator between the two genera, in which Paryphella was 
thought to have the costae numbering 5–7 per 5 mm at anterior margin, contrasted to 8–11 
per 5 mm in Cathaysia.  
It should also be pointed out that although Chao (1927, p.62) described Productus 
chonetoides as possessing ‘generally 5 costae within a space of 3 mm’, his figure (pl. 16, figs 
1–5) in fact shows 5 costae in 5 mm at the anterior margin. On this basis, combined with 
other diagnostic features mentioned above for Productus chonetoides, this species should be 
reassigned into Paryphella. 
Externally and also in terms of shell size, Paryphella looks similar to both Tethyochonetes 
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Chen et al, 2000 and Neochonetes Muir-Wood, 1962. However, Paryphella can be easily 
distinguished from the latter two in the endospines or papillae on the inner surface of both 
valves (the endospines in Paryphella project anteriorly at a low angle, whereas they appear 
like papillae in the latter two genera), coarser costae and different distribution of spines. As 
the former not only possesses spines on the ventral surface, but also represents the hinge 
spines in external type (the hinge spines are on the ventral posterior margins which are close 
to interarea). Apparently, the hinge spines of Tethyochonetes and Neochonetes are not 
externally developed, due to the presence of canal apertures (see Zhang et al. 2013, for details 
and illustrations). 
Finally, a point of clarification is necessary concerning Spinoparyphella Liang, 1990 (with 
the type species S. zhinanensis). This genus was regarded by Williams et al. (2000, p. 430) as 
a synonym of Paryphella. Actually, this is not true, the ‘Spinoparyphella zhinanensis’ was 
very likely just a misspelling appearing on Page 11 (Liang 1990) and the correct spelling 
should be Perigeyerella zhinanensis Liang, 1990 (pp. 130, 131, pl. 13, figs 1–5). Therefore, 
the Genus ‘Spinoparyphella’, which was previously concidered to be closed to Paryphella, 
does not exist. 
 
Distribution. Lopingian (Late Permian) to Early Triassic; China. 
 
Paryphella orbicularis (Liao, 1980a) (Pl. 4, Figs I–R) 
 
1980a Cathaysia orbicularis Liao; p. 261, pl. 6, figs 1–4. 
1980b Paryphella orbicularis (Liao) (nomen nudum), pl. 1, figs 17, 18, pl. 2, fig. 3. 
1982 Paryphella orbicularis (Liao); Wang et al., p. 205, pl. 96, fig. 16. 
1984 Paryphella orbicularis (Liao); Liao, pl. 2, fig. 19. 
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1994 Cathaysia orbicularis Liao; Xu & Grant, p. 34, fig. 19.1–19.21. 
2006 Paryphella orbicularis (Liao); Chen et al., pp. 312, 313, fig. 6a–g.  
 
Remarks. Liao first described Cathaysia orbicularis (1980a, p. 261, pl. 6, figs 1–4) based on 
the materials from Guizhou Province. In the same year, he also figured some specimens as 
Paryphella orbicularis (1980b, pl. 1, figs 17, 18; pl. 2, fig. 3) including one specimen (No. 
43647, the holotype of C. orbicularis) he had already figured in his earlier paper (Liao, 
1980a, pl. 6, fig. 2). In this slightly later paper, Liao did not provide any description or 
diagnosis for Paryphella. However, a full description and discussion of this new genus was 
given by Liao (Liao in Zhao et al. 1981, p. 53). Therefore, according to the ICZN Article 13.1 
(Ride et al. 1999, p. 17), Paryphella orbicularis should be treated as a nomen nudum. 
  
Material. Ten ventral internal moulds (LZ2701156, LZ2702517, LZ2705531, LZ2702645, 
LZ2702646, LZ2702647, LZ2702651, LZ2704668, LZ2702676, LZ2702677). 
 
Description. Small size in genus, rectangular in outline, hinge line representing maximum 
shell width, 6.9–10.8 mm long and 10.0–14.9 mm wide. Ventral valve visceral region 
strongly convex, nearly hemispherical in lateral profile; beak broad, slightly overhanging 
hinge line; cardinal extremities blunt, with an angle about 100°; ears triangular, slightly 
enrolled and inflated, well demarcated from visceral region by a groove; sulcus absent. Shell 
surface with coarse costae, originating from umbo and increasing anteriorly by occasional 
intercalation, numbering 14–20 in total, about 7–8 per 5 mm at anterior margin; rugae ill-
developed on ears.  
Shell inner surface with papillae, evenly and sparsely distributed, numbering about 7–11 
per mm2 at midvalve. 
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Discussion. In terms of its size, transverse outline, ventral valve convexity, absence of the 
sulcus and blunt cardinal extremities, Paryphella triquetra Liao in Zhao et al., 1981 (pp. 53, 
54, pl. 8, figs 18–22) is similar with this species, but, the latter has a regularly triangular and 
narrower visceral region, more enrolled ears and much stronger rugae on the ears. Paryphella 
sinuata (Zhan in Hou et al., 1979) resembles P. orbicularis in the size, outline, blunt cardinal 
extremities and ornaments. However the former has a very narrow and deep sulcus in the 
ventral valve. Paryphella sacoformis Liao, 1984 (p. 281, pl. 2, figs 20–23) is somewhat 
comparable to the present species in its strong convexity and absence of sulcus, but, it differs 
in its unique scutellate outline. Chonetella? striacosta Zhan, 1962 (pp. 474, 475, pl.1, figs 5–
11) (should be revised as Paryphella striacosta) also displays a nearly hemispherical profile 
in the visceral part, but the nearly semicircular outline and fine striae on the costae can easily 
separate it from P. orbicularis. 
 
Distribution. Lopingian (Late Permian) to Early Triassic; Longtan Formation, Yanshi 
Formation, Yinkeng Formation, Qinglong Formation and Dalong Formation; South China 
(Guizhou, Sichuan, Shanaxi, Hunan, Anhui, Jiangsu, Zhejiang and Fujian provinces). 
 
Paryphella triquetra Liao in Zhao et al., 1981 (Pl. 4, Figs S–U) 
 
1981 Paryphella triquetra Liao in Zhao et al., pp. 53, 54, pl. 8, figs 18–22. 
1982 Paryphella triquetra Liao; Wang et al., p. 205, pl. 96, figs 14, 15. 
1984 Cathaysia subpusilla (Licharew); Yang in Feng et al., pl. 32, fig. 1. 
 
Material. Three ventral internal moulds (LZ2701155, LZ2704160, LZ2702653). 
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Description. Shell small in Paryphella, rectangular in outline, hinge line equals greatest 
width, 6.2–6.9 mm long and 9.8–10.0 mm wide. Ventral valve visceral region gently convex, 
triangular; beak narrow, slightly overhanging hinge line; cardinal extremities roundly 
quadrate, with an angle around 90°–100°; ears slightly inflated, triangular, well demarcated 
from visceral region by a distinct groove; sulcus feeble or absent. Shell surface with coarse 
costae, simple, numbering about 15–17 in total, 7–8 per 5 mm at anterior margin; 3–4 well-
develop rugae on ears; hinge spines projecting posterolaterally, with an angle around 30–50°. 
Shell inner surface evenly and sparsely papillate. 
 
Discussion. With a transverse outline, blunt cardinal extremities and ornaments, Paryphella 
triquetra is similar to Paryphella transversa Liao, 1984 and Paryphella sinuata (Zhan in Hou 
et al., 1979), but, the latter two species both have a prominent sulcus. Paryphella sacoformis 
Liao, 1984 can be easily distinguished from P. triquetra in its unique scutellate outline. 
 
Distribution. Lopingian (Late Permian) to Early Triassic; Longtan Formation and Yinkeng 
Formation; South China (Guizhou and Zhejiang provinces). 
 
Paryphella sinuata (Zhan in Hou et al., 1979) (Pl. 4, Fig. V) 
 
1979 Cathaysia sinuata Zhan in Hou et al., p. 76, pl. 8, figs 6–9. 
1980a Cathaysia sulcatifera Liao, p. 261, pl. 6, figs 8–10. 
1980b Paryphella sulcatifera (Liao) (nomen nudum); pl. 1, fig. 19. 
1980b Paryphella cf. sulcatifera (Liao) (nomen nudum); pl. 2, fig. 4. 
1982 Paryphella sulcatifera (Liao); Wang et al., p. 205, pl. 95, figs 3–5. 
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1982 Cathaysia chonetoides (Chao); Wang et al., p. 202, pl. 96, fig. 17. 
1984 Cathaysia sulcatifera Liao; Yang in Feng et al., pl. 31, fig. 20. 
1987 Cathaysia sinuata Zhan; Xu in Yang et al., p. 223, pl. 10, figs 19, 20, 22, 23. 
1990 Paryphella sulcatifera (Liao); Zhu, p. 67, pl. 18, figs 10, 11. 
1994 Cathaysia sinuata Zhan; Xu & Grant, pp. 31, 32, fig. 17.1–17.22. 
 
Material. One ventral internal mould (LZ2706170). 
 
Description. Shell small in genus, rectangular in outline, hinge line equals greatest width, 7.6 
mm in length and 11.5 mm in width. Ventral valve visceral region strongly convex, roundly 
triangular; beak swollen, slightly overhanging hinge line; cardinal extremities blunt, forming 
an angle about 100°; ears larger, triangular, inflated; sulcus quite deep and narrow, originating 
from umbo, deepening anteriorly. Shell surface with coarse costae, simple, numbering 17 in 
total, about 7–8 per 5 mm near anterior margin; rugae ill-developed on ears. 
 
Discussion. This species can be easily discriminated from other species in Paryphella by its 
significantly deep and narrow sulcus on ventral valve. 
 
Distribution. Lopingian (Late Permian) to Early Triassic; Changxing Formation, Longtan 
Formation, Yinkeng Formation and Dalong Formation; South China (Guizhou, Jiangsu, 
Zhejiang, Fujian and Guangdong provinces). 
 
Paryphella elegantula Zhan in Li et al., 1989 (emended) (Pl. 4, Figs W–AA) 
 
1989 Paryphella elegantula Zhan in Li et al., p. 206, pl. 25, figs 6, 7, 12, 17, 22. 
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Material. Five ventral internal moulds (LZ1200171, LZ2702533, LZ2702643, LZ2702644, 
LZ2702674). 
 
Remarks. Although Zhan (in Li et al. 1989, p. 206) mentioned the nasute extension as a 
distinctive feature for Paryphella elegantula, the feature could not be well recognised in any 
of his figures (in Li et al. 1989, pl. 25, figs 6, 7, 12, 17, 22). Although poor quality and low 
resolution of his illstrations may explain this, but equally possible, or more likely, it that the 
nasute extension was in fact ill-developed or a highly variable feature that occurred only in 
certain specimens. The latter possibility is also consistent with the English translation of 
Zhan’s description of P. elegantula’s nasute extension as ‘obscure’ (Zhan in Li et al. 1989, p. 
416). On this reasoning, here we have not included this character as a key diagnositic feature 
of this species. 
 
Diagnosis. Small to medium size in Paryphella, roundish quadrate or pentagonal outline; 
ventral shell with triangular and strongly convex visceral region; rounded cardinal 
extremities; sulcus narrow; rugae well-developed on ears. 
 
Description. Small to medium size, roundish quadrate or sometimes pentagonal outline, hinge 
line equals or slightly shorter than greatest shell width, 6.9–9.1 mm long and 9.4–13.0 mm 
wide. Ventral shell visceral region strongly convex, triangular, sometimes slightly geniculate 
anteriorly; beak narrow, slightly overhanging hinge line; cardinal extremities rounded, 
forming an angle about 90–100°; ears large, slightly inflated, well demarcated from visceral 
region; sulcus narrow, originating from umbonal area, prominent at midvalve, becoming 
wider and shallow anteriorly, or sometimes indistinct at anterior margin. Shell surface with 
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coarse costae, occasionally intercalating anteriorly, numbering 22–26 in total, 7–8 per 5 mm 
at anterior margin; 4–5 well-developed rugae on each ear. 
 
Discussion. In the presence of sulcus, this species is somewhat closed to P. sinuata (Zhan in 
Hou et al., 1979) and P. transversa Liao, 1984; however the latter two have a transverse 
outline, coarser and fewer costae (numbering 14–17 in total). P. triquetra is quite similar to 
the present species, especially in the triangular ventral visceral region and small and nearly 
flat ears, but it is, more transverse in outline (width/length = 2) and has much fewer costae 
(numbering 10–16 in total). 
 
Distribution. Lopingian (Late Permian); Longtan Formation and Dalong Formation; South 
China (Guizhou and Sichuan provinces). 
 
Paryphella acutula sp. nov. (Pl. 4, Fig. AB; Pl. 10, Figs A–M) 
 
1982 Paryphella transversa Liao; Wang et al., p. 205, pl. 95, fig. 1. 
 
Types. Holotype, a ventral internal mould (LZ2703169; Pl. 10, Fig. A); paratype, a ventral 
internal mould (LZ2702672; Pl. 10, Fig. D). 
  
Other material. A dorsal external mould (LZ2702515); a dorsal internal mould (LZ2702671); 
three ventral valves (LZ2702163, LZ2702168, LZ2701670) and six ventral internal moulds 
(LZ2705534, LZ2702650, LZ2702656, LZ2702671, LZ2702673, LZ2702675). 
 
Etymology. For its acute cardinal extremities. 
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Diagnosis. Medium size in genus, reserve trapezoidal outline, hinge line equals maximum 
width. Ventral valve strongly convex, geniculate anteriorly; cardinal extremities acute; rugae 
well-developed on ears; sulcus weak or indistinct; short but prominent nasute extension at 
anterior margin; dorsal median ridge low, long and thin. 
 
Description. Medium shell in Paryphella, reserve trapezoidal outline, hinge line forming 
greatest width, 8.6–10.8 mm long and 13.1–17.5 mm wide. Ventral valve strongly convex, 
maximum convexity just anterior to midvalve, geniculate in longitudinal profile; beak low, 
swollen and slightly beyond hinge line; cardinal extremities acute, with an angle about 50–
70°; ears inflated, triangular, enrolled laterally, well demarcated from visceral region; sulcus 
weak or indistinct; short but prominent nasute extension at middle of anterior margin. Dorsal 
valve gently concave; fold indistinct. Surface with coarse costae, increasing anteriorly by 
occasional intercalation, numbering 25–35 in total at margin, about 6–8 in 5 mm at anterior 
margin; well-developed rugae on ears; hinge spines projecting posterolaterally, with an angle 
around 40°; sporadic spines or spine bases distributed on shell surface (see Pl. 10, Figs B, D). 
Endospines present within both valves, incline posteriorly, smaller and dense at midvalve 
and larger and sparse at anterior, in dorsal valve interior, about 10–15 per mm2 at midvalve 
and 2–3 per mm2 at anterior; dorsal valve interior with low, long and thin median ridge, about 
half of shell length; hook-like brachial ridges well-developed. 
 
Discussion. The Zhongzhai species is similar to Paryphella nasuta Liao, 1984 (p. 281, pl. 2, 
figs 13, 14) in sharing a typical nasute at the middle of anterior margin, but different as the 
latter has deeper interspaces between costae, no geniculation, and much coarser and fewer 
costae (numbering about 12 in total) and a larger nasute. Paryphella geniculata Zhan in Li et 
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al., 1989 (p. 207, pl. 25, figs 13, 14) resembles the present species in the geniculation and 
well-developed rugae on ears, however the former has much fewer costae (numbering about 
17 in total) and no nasute extention. By sharing the slightly geniculate ventral valve, 
Paryphella elegantula Zhan in Li et al., 1989 (p. 206, pl. 25, figs 6, 7, 12, 17, 22) is 
somewhat comparable to this new species, but, the former is presenting a rounded pentagonal 
outline, roundish quadate cardinal extremites and weaker and fewer costae (numbering about 
22–26 in total). In terms of the acute cardinal extremities and outline, Cathaysia corculum 
Liao, 1980a (pp. 260, 261, pl. 6, figs 5–7) is close to the Zhongzhai species, but, the absence 
of a nasute extension can easily differentiate the former from Paryphella acutula. 
 
Distribution. Lopingian (Late Permian); Longtan Formation and Dalong Formation; South 
China (Guizhou and Fujian provinces). 
 
 
Subfamily MARGINIFERINAE Stehli, 1954 
Tribe MARGINIFERINI Stehli, 1954 
 
Spinomarginifera Huang, 1932 
 
Type species. Spinomarginifera kueichowensis Huang, 1932, pp. 56–60, pl. 5, figs 1–11; 
Lopingian, Guizhou Province, South China. 
 
Diagnosis. Shell small to medium, ventral valve strongly convex, slightly to strongly 
geniculate anteriorly; sulcus shallow and wide, or indistinct in some species; dorsal valve 
slightly to deeply concave; posterior shell surface with concentric stria, ribs or rugae; 
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elongated pustules distributed in regular quincunx, extending anteriorly and sometimes 
forming costellae or plicae at anterior. 
Marginal ridges well-developed in both valves; dorsal median septum not strong, varying 
in length. 
 
Discussion. When proposing Marginifera with M. typical as the type species, based on the 
material from the Productus-limestone in the Salt Range in Pakistan, Waggen (1884, pp. 713–
715) did not provide a diagnosis for the genus, a matter that was later recited by Sarytcheva 
& Sokolskaja (1952, pp. 154, 155). However, it appears that, in defining Marginifera 
Sarytcheva & Sokolskaja had incorrectly incorporated some uniques characters of 
Eomarginifera Muir-Wood, 1930 (type species Productus longispinus Sowerby) into the 
diagnosis of Marginifera. For example, she defined the distribution of spines in Marginifera 
as that one on each flank, one on each side of the median sulcus and one on around each 
cardinal process. However, this pattern of spine distribution thought by Sarytcheva & 
Sokolskaja characteristic of Marginifera is actually incorrect for M. typical as originally 
described by Waagen. 
In parallel, when Huang (1932, p. 56) proposed Spinomarginifera with S. kueichowensis 
from the Lopingian in Guizhou Province (South China) as the type species, he also did not 
give a specific definition for the genus. Subsequently, Muir-Wood & Cooper (1960) 
redescribed the genus with a diagnosis based on Huang’s description of S. kueichowensis. 
However, the definition provided by Muir-Wood & Cooper provided for Spinomarginifera 
proved to be too detailed to serve as an effective genus-level diagnosis for subsequent 
research. 
Consequently, as a result of lacking clear diagnosis for either genus, there has existed a 
considerable degree of confusion among as to how species of these two genera should be 
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distinguished from each other. Here we follow the original descriptions of the type species of 
Marginifera Waagen, 1884 [M. typica Waagen, 1884 (pp. 717–721, pl. 76, figs 4–7, pl. 68, 
fig. 1)] and Spinomarginifera Huang, 1932 [S. kueichowensis Huang, 1932 (pp. 56–60, pl. 5, 
figs 1–11)] as the basis of formulating the distinctions between these two genera, as follows: 
Marginifera has coarse ribs or plicae, erect spines sparsely distributed on the flanks of shell 
surface except ears and no pustula on the shell surface; Spinomarginifera, on the other hand, 
possesses concentric costellae or rugae on the shell surface, regular quincuncially distributed 
pustules extending anteriorly, sometimes forming costellae or rare plicae at anterior margin, 
in which case the costellae or plicae may resemble the shell ornaments in Marginifera, but 
the plicae in Marginifera are continuous and originate from the umbonal area. 
Spinomarginifera jisuensis (Marginifera jisuensis) was named by Chao (1927, pp. 149–
152, pl. 15, figs 15–24) based on the material from the Zhesi Formation (Guadalupian) in 
Inner Mongolia (northwestern China). However, the assignment of this species was 
questioned by Wang et al. (1966, pp. 427, 428), noting that S. jisuensis has spines and 
concentric ribs all over the shell, a row of spines located at the transitional region between the 
ears and the cavity area, and the geniculation was not well-developed. Agreeing with these 
observations, Xu (in Yang et al. 1987, p. 224) took a step further, proposing 
Rugosomarginifera based on S. jisuensis as its type species. Notwithstanding these notable 
characteristics, S. jisuensis distinctly displays short ridges on anterior shell formed by the 
elongation of spines bases, as well as a weak geniculation. Both of these features strongly 
suggest Spinomarginifera. As regards to the row of spines between ears and cavity area in S. 
jisuensis, this could be an interspecific feature (such as S. kueichowensis, see Pl. 12, Fig. K). 
Therefore, we consider S. jisuensis to be a species within Spinomarginifera, and hence 
Rugosomarginifera be regarded as a synonym of Spinomarginifera. 
Otariella Waterhouse, 1978 resembles Spinomarginifera in profile and elongate spine 
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bases; however, the former has no ruga on shell surface, more endospines within the dorsal 
interior and widely extended ears with deep auricular cavities. Possessing of the six large 
spines and lacking elongated spine bases, both Probolionia Cooper, 1957 and Eomarginifera 
Muir-Wood, 1930 can be easily differentiated from Spinomarginifera.  
 
Distribution. ?Cisuralian (Early Permian) to Early Triassic; Middle East, Afghanistan, Japan, 
China. 
 
Spinomarginifera kueichowensis Huang, 1932 (Pl. 11, Figs A–K; Pl. 12, Figs I–L) 
 
1932 Spinomarginifera kueichowensis Huang, pp. 56–60, pl. 5, figs 1–11.  
1960 Spinomarginifera kueichowensis Huang; Muir-Wood & Cooper, p. 215, pl. 65, figs 15– 
         22, 24. 
1962 Spinomarginifera kueichowensis Huang; Chi-Thuan, pp. 493, 494, pl. 2, fig. 1. 
1964 Spinomarginifera kueichowensis Huang; Wang et al., p. 316, pl. 51, figs 9–11. 
1974 Spinomarginifera kueichowensis Huang; Jin et al., p. 312, pl. 164, fig. 13. 
1976 Spinomarginifera kueichowensis Huang; Tazawa, p. 184, pl. 2, fig. 1a, b. 
1977 Spinomarginifera kueichowensis Huang; Yang et al., p. 349, pl. 139, fig. 11. 
1978 Spinomarginifera kueichowensis Huang; Feng & Jiang, p. 252, pl. 89, figs 5, 6. 
1978 Spinomarginifera kueichowensis Huang; Tong, p. 222, pl. 79, fig. 5. 
1979 Spinomarginifera kueichowensis Huang; Zhan in Hou et al., p. 80, pl. 11, figs 14–17, 
20. 
1980a Spinomarginifera kueichowensis Huang; Liao, pl. 4, fig. 29. 
1981 Spinomarginifera kueichowensis Huang; Tian, p. 57, pl. 32, figs 4–10. 
1982 Spinomarginifera kueichowensis Huang; Wang et al., p. 219, pl. 92, fig. 3. 
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1987 Spinomarginifera kueichowensis Huang; Xu in Yang et al., pl. 11, figs 7, 10, 11, 13–16. 
1987 Spinomarginifera alpha (Huang); Xu in Yang et al., pl. 11, figs 3, 4, 8, 12. 
1995 Spinomarginifera kueichowensis Huang; Zeng et al., pl. 5, fig. 10. 
2002 Spinomarginifera kueichowensis Huang; Tazawa, fig. 10: 11a, b. 
2006 Spinomarginifera kueichowensis Huang; Chen et al., pp. 314, 315, fig. 8: a–e. 
2009 Spinomarginifera kuwichowensis Huang; Shen & Shi, p. 158, figs 3DD, EE, 4I. 
2009 Spinomarginifera kueichowensis Huang; Zhang & He, p. 20, fig. 3: E–J. 
 
Material. Two dorsal internal moulds (LZ1400342, LZ2702640), three dorsal external 
moulds (LZ2701490, LZ2701492, LZ2703524) and five ventral internal moulds (LZ2702488, 
LZ2704494, LZ2704502, LZ2702631, LZ2702639). 
 
Description. Shell small to medium, nearly hemispherical outline, maximum width at hinge 
line, 11.7–24.6 mm long and 16.6–38.8 mm wide. Ventral valve strongly convex, strongly 
geniculate at midvalve, ventral trail nearly straight; beak enrolled, quite broad, prominently 
overhang hinge line; cardinal extremities acute, forming an angle at around 70–80°; ears 
small, convex and triangular, weakly demarcated from visceral region; sulcus originated from 
apex anterior, shallow and wide, becoming indistinct at ventral trail. Dorsal valve 
transversely ovate outline, strongly concave, geniculate at anterior; fold absent. Dorsal 
surface with wavy rugae, well-developed on flanks and umbo region, spines sparse 
distributed on shell surface; on ventral valve, a row of spines distributed between ears and 
visceral region. 
Ventral midvalve posterior interior with pectinate anterior diductor muscle scars, inner 
surface evenly papillate, with a density about 10–14 per 4 mm2. Dorsal cardinal process 
trifid; inner surface with evenly distributed papillae; lateral ridges prominent, presenting an 
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angle about 15–20° with hinge line, anterior ridge nearly straight; median septum thin, 
extending to midvalve, about half of shell length; lateral septa, prominent, short, about 3–5 
mm long, diverging at an angle of 30–60°; a pair of triangular adductor muscle scars well-
developed at both sides of median septum; brachial ridges prominent, hook-like, extending to 
lateral margin; a row of endospines well-developed, meet median septum at its end.   
 
Discussion. In sharing a median septum of the half-shell length, Spinomarginifera lopingensis 
(Kayser) is similar to the present species. However, it differs in its well-developed strong ribs 
at the anterior margin and the absence of a median sulcus. Spinomarginifera sintanensis 
(Chao, 1927) is also comparable with S. kueichowensis in the strongly inflated ventral valve, 
but the former has a cylindrical outline, hingeline shorter than the maximum shell width and 
roundish pustula (spine bases). Spinomarginifera pseudosintanensis Huang, 1932 can be 
easily distinguished from the present species by its strongly triangular outline displayed by 
the ventral visceral region, a slight geniculation and the absence of a median sulcus. 
 
Distribution. Guadalupian (Middle Permian) to Early Triassic; Changxing Formation, 
Longtan Formation, Wangjiazhai Formation, Heshan Formation and Leping Formation; South 
China (Guizhou, Sichuan, Chongqing, Hunan, Jiangxi, Zhejiang, Guangdong and Guangxi 
provinces), Japan, Vietnam. 
 
Spinomarginifera alpha (Huang, 1932) (Pl. 11, Figs L–Q) 
 
1932 Spinomarginifera kueichowensis mut. α Huang, pp. 60, 61, pl. 5, figs 12, 13. 
1960 Spinomarginifera kueichowensis alpha Huang; Muir-Wood & Cooper, p. 215, pl. 65,  
        fig. 23. 
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1964 Spinomarginifera kueichowensis mut. α Huang; Wang et al., pp. 316, 317, pl. 49, figs  
        31–33. 
1974 Spinomarginifera kueichowensis mut. α Huang; Jin et al., p. 313, pl. 164, figs 11, 12. 
1977 Spinomarginifera kueichowensis mut. α Huang; Yang et al., p. 349, pl. 139, fig. 9. 
1979 Spinomarginifera kueichowensis mut. α Huang; Zhan in Hou et al., pp. 80, 81, pl. 11,   
        figs 18, 19. 
1980a Spinomarginifera alpha (Huang); Liao, p. 259, pl. 5, figs 44–47. 
1980b Spinomarginifera alpha (Huang); Liao, pl. 2, figs 15–17. 
1981 Spinomarginifera alpha (Huang); Tian, p. 57, pl. 32, figs 11–14. 
1982 Spinomarginifera alpha (Huang); Wang et al., p. 219, pl. 96, fig. 16. 
1990 Spinomarginifera alpha (Huang); Zhu, p. 76, pl. 17, figs 21, 22. 
2003 Spinomarginifera alpha (Huang); Shen et al., p. 231, pl. 1, figs 6–9. 
 
Material. A dorsal valve (LZ2701359), a dorsal internal mould (LZ2704493), a dorsal 
external mould (LZ2703523) and a ventral internal mould (LZ2702632). 
 
Description. Shell medium size in genus, hemispherical in outline, hinge line forming 
greatest shell width, 11.9–31.6 mm long and 17.3–26.5 mm wide. Ventral valve strongly 
convex, with a symmetrically curved profile, geniculation indistinct; beak slightly enrolled, 
broad, overhang hinge line; cardinal extremities acute, with an angle about 60°; ears inflated, 
ill-demarcated from visceral region; sulcus absent. Dorsal valve transversely ovate outline, 
slightly concave or nearly flat; wavy rugae on shell surface, especially on flanks and umbonal 
region. 
Ventral interior with evenly distributed papillae, with a density about 12–14 per 4 mm2. 
Dorsal interior uniformly papillate, with a density about 16–18 per 4 mm2; lateral ridges thin, 
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forming an angle about 15° with hinge line, anterior ridge nearly straight; median septum 
thin, long, extending to anterior margin; lateral septa, thin, short, about 5 mm long, diverging 
at an angle about 30–40°; a row of endospines well-developed, meeting median septum near 
anterior part and forming an angle about 60°. 
 
Discussion. The species was initially described and figure by Huang (1932, pp. 60, 61, pl. 5, 
figs 12, 13) as a variety or subspecies of S. kueichowensis (named as S. kueichowensis mut. 
α). Liao (1980a) upgraded it as an independent species (Spinomarginifera alpha), 
emphasising its larger size, absence of a geniculation, indistinct median sulcus, slightly 
concave dorsal valve, much sparser pustula on shell surface and a longer median septum 
extending to the anterior margin. This species resembles Spinomarginifera pseudosintanensis 
Huang, 1932 in sharing a weak geniculation and absence of a median sulcus, but differs in the 
latter is clearly distinguished by its triangular-shaped visceral region and a short hinge line 
narrower than the maximum shell width.  
 
Distribution. Lopingian (Late Permian); Longtan Formation, Wangjiazhai Formation, 
Changxing Formation, Dalong Formation, Wangpanli Formation and Heshan Formation; 
South China (Guizhou, Sichuan, Hunan, Zhejiang, Fujian, Guangdong and Guangxi 
provinces), Tibet. 
 
Spinomarginifera chengyaoyenensis Huang, 1932 (Pl. 12, Figs C, D) 
 
1932 Spinomarginifera chengyaoyenensis Huang, pp. 63, 64, pl. 5, figs 18, 19. 
1964 Spinomarginifera chengyaoyenensis Huang; Wang et al., p. 317, pl. 50, figs 12, 13. 
1979 Spinomarginifera chengyaoyenensis Huang; Zhan in Hou et al., p. 81, pl. 13, fig. 12. 
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1980a Spinomarginifera chengyaoyenensis Huang; Liao, pl. 5, figs 27–32. 
1980b Spinomarginifera chengyaoyenensis Huang; Liao, pl. 2, figs 12, 13. 
1981 Spinomarginifera chengyaoyenensis Huang; Tian, p. 57, pl. 32, figs 1–3. 
1987 Spinomarginifera chengyaoyenensis Huang; Liao, pl. 5, figs 3, 4. 
1987 Rugosomarginifera chengyaoyenensis (Huang); Xu in Yang et al., pp. 224, 225, pl. 11,  
        figs 9, 17, 18, pl. 13, figs 1–4. 
1990 Rugosomarginifera chengyaoyenensis (Huang); Zhu, p. 76, pl. 17, figs 20, 23, 24. 
1995 Spinomarginifera chengyaoyenensis Huang; Zeng et al., pl. 9, fig. 3. 
2006 Spinormarginifera chengyaoyenensis Huang; Chen et al., pp. 315, 316. fig. 8: f–h. 
 
Material. A dorsal internal mould (LZ1400343) and a dorsal external mould (LZ1400345). 
 
Description. Small size in Spinomarginifera, dorsal valve ovate outline for corpus cavity, 
gently concave; shell surface with wavy rugae, especially on umbonal region and ears, 
roundish spine bases sparsely distributed at posterior, about 1.5 mm apart from each other. 
Dorsal interior with evenly distributed papillae; marginal ridge thin; median septum weak, 
extending anteriorly for about a half of shell length; lateral septa prominent, diverging at an 
angle about 15°, about 2–2.5 mm long.  
 
Discussion. The species is close to S. alpha in the weakly developed marginal ridge, absence 
of the sulcus and a thin median septum, but the former is smaller, and has a ovate outline and 
a shorter median septum. With an ovate outline of the dorsal valve (excluding ears) and a 
weak median septum, Spinomarginifera pseudosintanensis Huang, 1932 resembles the 
present species, but, the former has a strong marginal ridge. 
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Distribution. Lopingian (Late Permian); Changxing Formation, Wangjiazhai Formation, 
Heshan Formation and Dalong Formation; South China (Guizhou, Chongqing, Fujian, 
Guangxi and Guangdong provinces). 
 
Spinomarginifera sintanensis (Chao, 1927) (Pl. 12, Figs B, G) 
 
1927 Marginifera sintanensis Chao, pp. 156–158, pl. 16, figs 13, 14. 
1964 Spinomarginifera sintanensis (Chao); Wang et al., pp. 314, 315, pl. 49, figs 10–13. 
1977 Spinomarginifera sintanensis (Chao); Yang et al., p. 348, pl. 140, fig. 3. 
 
Material. Two dorsal external moulds (LZ1400341, LZ1400347). 
 
Description. Shell small in genus, dorsal valve strongly concave, geniculation at anterior, 
hinge line equal or slightly shorter than greatest width, 12.0–12.1 mm in length and 16.2–
16.9 mm in width; cardinal extremities rounded square, with an angle about 90–100°; ears 
small, slightly concave, well demarcated from visceral region; fold indistinct or absent. 
Surface with wavy rugae, prominent at flanks and ears; spines sparse distributed on shell 
surface. 
Dorsal interior with trifid cardinal process. 
 
Discussion. Compared to the present species, Spinomarginifera jisuensis (Chao, 1927) 
uniquely has imbricated rugae on the shell surface, and Spinomarginifera niulanshanensis 
Zhu, 1990 (p. 75, pl. 14, figs 24, 25, 27) differs in its very transverse outline and large ears. 
 
Distribution. ?Cisuralian (Early Permian) to Lopingian (Late Permian); Ruteh Limestone, 
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Longtan Formation, ‘Wushan Limestone’ and Maokou Formation; Iran, South China 
(Guizhou, Hubei and Guangdong provinces). 
 
Spinomarginifera sp. cf. S. sintanensis (Chao, 1927) (Pl. 12, Figs A, E, F) 
 
1932 Spinomarginifera sp., Huang, pp. 65, 66, pl. 5, figs 22–24. 
 
Material. A dorsal external mould (LZ1400369) and two ventral internal moulds 
(LZ1400344, LZ1400348). 
 
Description. Shell small in genus, cylindrical outline, transversely subrectangular outline in 
posterior view, hinge line forming greatest shell width, 8.0–9.1 mm long and 12.0–16.5 mm 
wide. Ventral valve corpus cavity (excluding ears) in triangular outline, strongly inflated, 
strong geniculated at anterior and forming ventral trail; beak swollen, broad, slightly 
overhang hinge line; umbo broad, prominent, with steep slope on each side; cardinal 
extremities acute, presenting an angle about 70–80°; ears slightly convex, demarcated from 
visceral region by depressed zone; sulcus indistinct or absent. Dorsal shell correspondingly 
concave, geniculate anteriorly to form dorsal trail; fold absent. Shell surface with wavy rugae, 
stronger in umbonal region, flanks and ears; spines and spine bases sparsely distributed, 
roundish spines bases on the posterior shell. 
 
Discussion. Based on three dorsal valves obtained from Guizhou Province (South China), 
Huang (1932, pp. 65, 66, pl. 5, figs 22–24) described this undetermined species, noting the 
characteristics of acuate cardinal extremities and hinge line equal to the maximum shell 
width. This species is broadly similar to Spinomarginifera pseudosintanensis Huang, 1932 in 
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its shell inflation, absence of the sulcus, beak slightly turned over hinge line and the presence 
of rugae on the posterior shell surface, but the latter has a transversely subovate outline, a 
prominent sulcus and a hinge line shorter than the greatest shell width. Both 
Spinomarginifera shizhongensis Wang and Spinomarginifera punctatus Zhu, 1990 (p. 75, pl. 
14, figs 26, 30, pl. 15, figs 1, 2) also look similar to the present species, especially in terms of 
their acute cardinal extremities, strong geniculation and hing line forming the maximum shell 
width; however, in S. shizhongensis the cardinal extremities are more angular at 50–70°, its 
spine bases elongated, and the rugae on the shell posterior surface less well developed. S. 
punctatus, on the other hand, has an erect beak, elongated spine bases and no rugae on the 
posterior surface. Spinomarginifera sintanensis (Chao, 1927) shares with the present species 
a cylindrical outline, strong geniculation and an indistinct fold, but the former has a narrow 
hinge line shorter the maximum width, rectangular cardinal extremities and a row of spines 
near ears.  
Though limited by relative poor preservation, the observed features of the present material 
seem to indicate that it is most similar to Spinomarginifera sintanensis (Chao, 1927) 
although, potentially, there may prove to sufficient differences enough to separate the present 
species from other known species of Spinomarginifera. 
 
Distribution. Lopingian (Late Permian); Longtan Formation; South China (Guizhou 
Province). 
 
 
Suborder LYTTONIIDINA Williams, Harper & Grant, 2000 
Superfamily LYTTONIOIDEA Waagen, 1883 
Famlily LYTTONIIDAE Waagen, 1883 
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Subfamily LYTTONIINAE Waagen, 1883 
 
Oldhamina Waagen, 1883 
 
Type species. Oldhamina decipiens Koninck, 1863, p. 8, pl. 3, fig. 1. 
 
Discussion. Based on the material from the Lopingian in Jiangxi Province (South China), 
Kayser (1883) first named Leptodus with the type species L. richthofeni (pp. 161, 162, pl. 21, 
figs 9–11). However, as his material was poorly preserved, Kayser mistook his material and 
hence his new genus Leptodus as some form of fish teeth, not a brachiopod taxon. In the 
same year, with better preserved material discovered from the Salt Range in Pakistan, 
Waagen (1883) renamed the Genus as Lyttonia with the type species L. nobilis (pp. 398–401, 
pl. 29, pl. 30, figs 1, 2, 5, 6, 8, 10, 11), and he mentioned the reason as “had it not been 
unfortunately just such an one as is only applicable to fish remains, and cannot possibly be 
used for brachiopodous shells” (Waagen 1883, p. 398). Unfortunately, this new name for the 
genus proposed by Waagen was not accepted by most brachiopod researchers, the name of 
Leptodus Kayser, 1883 was widely used for this genus.  
Both Oldhamina Waagen, 1883 and Leptodus Kayser, 1883 contain internally numerous 
and uninterrupted lateral septa, but Oldhamina has a strongly inflated ventral valve (nearly 
hemispherical) and a corresponding deep concavity in the dorsal valve, unlike the flatly-
spread or gently convex ventral valve of Leptodus. Additionally, Oldhamina, uniquely, has a 
broad and flattened hinge region in the dorsal valve; its lateral septa are sheet-shaped with 
narrow ridges, anteriorly clearly inclined, prominently projecting anterolaterally with an 
angle to the median septum. But in Leptodus, the lateral septa are much wider and with the 
rounded and blunt ridges, with an angle of 90° to the median septum, and projecting 
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horizontally or slightly posterolaterally. Furthermore, there are well-developed muscular 
scars in the ventral valve of Leptodus, which are absent in Oldhamina.  
Collemataria Cooper & Grant, 1974 can be easily distinguished from the present genus by 
its gently convex profile, wider and blunt lateral septa and the nearly 90° of lateral septa with 
respect to the median septum. Coscinophora Cooper & Stehli, 1955 differs from Oldhamina 
in its low convexity and lateral septa that are broken into discrete beads in the ventral valve. 
Although both Juxoldhamina Liang, 1990 [type species, J. imparilisa Liang, 1990 (p. 236, 
pl. 40, figs 13–17)] and Semigublerina Liang, 1990 [type species S. flabelata Liang, 1990 
(pp. 231, 232, pl. 41, figs 4–8)] have been considered to be junior synonyms of Leptodus by 
Williams et al. (2000, p. 631), it should be noted that Juxoldhamina’s elongate oval outline 
and the acute angle (~ 35°) of its lateral septa to the median septum (Liang 1990) also 
suggests a considerable degree of similarity to Oldhamina. 
 
Distribution. Lopingian (Late Permian); Asia. 
 
Oldhamina interrupta Zhan in Hou et al., 1979 (Pl. 12, Fig. H) 
 
1979 Oldhamina interrupta Zhan in Hou et al., p. 92, pl. 12, figs 9–10. 
1980a Oldhamina subsquamosa Liao, pp. 262, 263, pl. 7, figs 25–28. 
 
Material. A internal mould of ventral valve (LZ1200363). 
 
Remarks. With the specimens collected from the Wangpanli Formation (Lopingian) in Lian 
County, Guangdong Province (South China), Zhan (in Hou et al. 1979) established 
Oldhamina interrupta, characterized by a hemispherical profile and an interrupted and long-
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warty median septum in the anterior part.  
Several mouths before Zhan (in September 1979) named the present species, Ye (in March 
1979) reported Oldhamina transversa Ye in Jin et al., 1979 (p. 82, pl. 23, figs 18–19) based 
on specimens from the Kaixinling Group (Lopingian) in Qinghai Province (northwestern 
China). Ye’s species shares almost all the same characters with Oldhamina interrupta, 
especially the interrupted median septum, with possibly, one exception, that is, as was noted 
by Ye, O. transversa is triangular in outline and has a groove on each side of the median 
septum. Unfortunately, these two features could be easily recognised from the illustrated 
specimens provided in Ye’s publications due to the poor preservation.  
Oldhamina subsquamosa Liao, 1980a in here considered to be a junior synonym of O. 
interrupta because there are no obvious morphological differences. 
 
Discussion. This species resembles Oldhamina decipiens (Koninck) in the hemispherical 
outline and numbers of lateral septa, but the latter has a thin median septum which sometimes 
disappears towards the anterior margin, unlike the median septum of O. interrupta that 
extends towards the anterior margin as an interrupted line of long warts. Oldhamina 
squamosa Huang, 1932 (pp. 74–77, pl. 6, figs 1–5, pl. 7, fig. 11) can be easily differed from 
the present species in its more elongated outline and more lateral septa (>20, compared to 14–
15 in O. interrupta). With a hemispherical outline, Oldhamina grandis Huang, 1932 (pp. 84, 
85, pl. 8, fig. 3) may be compared with the present species, but it has more lateral septa (>20) 
and its median septum is continuous. 
 
Distribution. Lopingian (Late Permian); South China (Guizhou and Guangdong provinces). 
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Class STROPHOMENATA Williams, Carlson, Brunton, Holmer & Popov, 1996 
Order ORTHOTETIDA Waagen, 1884 
Suborder ORTHOTETIDINA Waagen, 1884 
Superfamily ORTHOTETOIDEA Waagen, 1884 
Family MEEKELLIDAE Stehli, 1954 
 
Orthothetina Schellwien, 1900 
 
Type species. Orthotetes persicus Schellwien, 1900, p. 8, from the Guadalupian (Middle 
Permian), Iran. 
 
Discussion. With the plicate and secondary costation on the shell surface, long and strong 
dental plates extending anteriorly and converging medially, Meekella White & St. John, 1867 
can be easily distinguished from Orthothetina. Comparisons among Orthothetina, 
Perigeyerella Wang, 1955a, Orthotetes Fischer de Waldheim, 1829, Derbyia Waagen, 1884 
and Schellwienella Thomas, 1910, have been discussed in detail by Shen & Shi (2007, pp. 19, 
20), and their generic distributions are followed here. 
 
Distribution. Carboniferous to Permian; cosmopolitan. 
 
Orthothetina frechi (Huang, 1933) (Pl. 13, Figs A–H) 
 
1933 Schuchertella frechi Huang, pp. 21–23, pl. 3, figs 2–6. 
1978 Orthotetina ruber (Frech); Feng & Jiang, p. 238, pl. 87, fig. 9. 
1980a Orthotetina frechi (Huang); Liao, pl. 2, fig. 12. 
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2007 Orthothetina frechi (Huang); Shen & Shi, p. 24, pl. 7, figs 25–29. 
 
Material. Five dorsal valve internal moulds (LZ1600350, LZ1600352, LZ0400122, 
LZ1200351, LZ1200353), a dorsal valve external mould (LZ1200356) and a ventral valve 
internal mould (LZ1200354). 
 
Description. Medium size for genus, transversely semicircular in outline, 15.8–20.5 mm long 
and 21.0–28.6 mm wide, shell length slightly shorter than width. Ventral valve slightly 
convex, umbonal region gently convex; beak blunt and erect; hinge line straight, shorter than 
maximum width at midvalve; cardinal extremities and lateral margins rounded; anterior 
commissure rectimarginate. Dorsal valve slightly convex, gently convex on umbonal region. 
Shell surface with dense pits and fine costellae, costellae increasing anteriorly three times by 
intercalation; 14–17 per 5 mm at anterior margin, interspaces wider than costellae; concentric 
growth fila fine and weak, about 10 per 2 mm near anterior margin. 
Ventral valve interior with very short dental plates, about 2 mm long, diverging at   an 
angle about 40–50°. Brachiophore plates short and strong, wedge-shaped, about 3 mm long, 
diverging at an angle about 100–110°. 
 
Discussion. Orthothetina ruber (Frech, 1911) and Orthothetina eusarkos (Abich, 1878) differ 
from the present species in their less transverse outline (shell length slightly shorter than 
width), longer and nearly parallel dental plates. With a much smaller size (Figure 10.10), 
Orthothetina regularis (Huang, 1933) can be easily distinguished from Orthothetina frechi. 
Orthothetina ellipsoides Shen et al., 1992 is similar with the present species in its transverse 
outline and size, but has coarser costellae, and parallel and longer dental plates. 
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Distribution. Lopingian (Late Permian); South China (Sichuan and Guizhou provinces). 
 
 
Figure 10.10. Size comparison between Orthothetina frechi (Huang, 1933) and Orthothetina 
regularis (Huang, 1933). 
 
Orthothetina regularis (Huang, 1933) (Pl. 13, Figs I–U) 
 
1933 Schellwienella regularis Huang, 1933, p. 25, pl. 3, figs 10–11. 
1961 Schellwienella regularis Huang, 1933; Shimizu, p. 247, pl. 9, figs 6–9. 
1979 Lopingia regularis (Huang); Zhan in Hou et al., p. 66, pl. 4, figs 22, 23. 
1980a Orthothetina regularis (Huang); Liao, pl. 1, figs 39–42. 
1986 Orthothetina regularis (Huang); Liao & Meng, pl. 1, fig. 16. 
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1987 Orthothetina regularis (Huang); Liao, pl. 3, figs 1–7. 
1987 Orthothetina regularis (Huang); Xu in Yang et al., pl. 7, figs 19–22, 26. 
2007 Orthothetina regularis (Huang); Shen & Shi, p. 21, pl. 6, figs 19–24. 
2008 Orthothetina regularis (Huang); Li & Shen, p. 317, fig. 6.12–16. 
 
Remarks. Huang (1933) named this species (Schellwienella regularis) based on material 
collected from the Longtan Formation in Guizhou Province, South China. However, Huang's 
reference of the arched plate in the delthyrium to ‘deltidium’ in the description of this species 
(1933, p. 26) is incorrect as the correct term for this structure should be pseudodeltidium in 
view of the original description of this structure given by Schellwien (1900, p. 7), also 
verified later by Zhan (in Hou et al. 1979, pp. 64, 65) and Liang (1990, pp. 131–133). In this 
regard, it should be noted that Huang's (1933) use of ‘deltidium’ in describing Schellwienella 
acutangula Huang, 1933 (p. 24) [= Orthothetina acutangula (Huang, 1933)] was also 
incorrect. 
 
Material. Three dorsal valve internal moulds (LZ1200322, LZ1400325, LZ1400355), three 
dorsal valve external moulds (LZ1400321, LZ1400324, LZ0400326), four ventral valve 
internal moulds (LZ0400329, LZ0400330, LZ1600331, LZ1200629) and two ventral valve 
external moulds (LZ1400327, LZ1400328). 
 
Description. Small size for genus, slightly transversely semicircular outline, greatest shell 
width at midvalve, shell length shorter than shell width, 4.2–8.7 mm long and 5.2–12.1 mm 
wide. Ventral valve marginal area slightly or gently convex, umbonal region strongly convex; 
beak blunt and erect; interarea high and triangular, delthyrium large, of nearly equilateral 
triangle shape, pseudodeltidium arched (Pl. 13, Fig. W); hinge line nearly straight, shorter 
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than maximum shell width; cardinal extremities and lateral margins rounded; anterior 
commissure rectimarginate. Dorsal valve slightly convex or nearly flat. Shell surface with 
fine costellae, intercalating once or twice anteriorly, 5–8 costellae per 2 mm at anterior 
margin, interspaces wider than costellae; concentric fila fine and weak, around 10 per 2 mm 
near anterior margin. 
Ventral interior with very short dental plates, about 1 mm long (about one-sixth of shell 
length), nearly parallel, slightly diverging at an angle of 20°. Dorsal valve interior with short 
but strong brachiophore plates, wedge-shaped, each about 1.5 mm long, diverging at an angle 
about 100–120° (Pl. 13, Figs J, L, V).  
 
Discussion. The present species can be easily differentiated from Orthothetina ruber (Frech, 
1911) and Orthothetina provecta Liao, 1980a as the latter two have a much larger size, less 
transverse outline and longer dental plates. O. provecta can be further distinguished by its 
more divergent dental plates (with an divergence angle of 30°).  
 
Distribution. Lopingian (Late Permian); South China (Sichuan, Chongqing, Guizhou, Hunan, 
Zhejiang, Fujian, Guangdong and Guangxi provinces).  
 
 
Class RHYNCHONELLATA Williams, Carlson, Brunton, Holmer & Popov, 1996 
Order ORTHIDA Schuchert & Cooper, 1932 
Suborder DALMANELLIDINA Moore, 1952 
Superfamily ENTELETOIDEA Waagen, 1884 
Family SCHIZOPHORIIDAE Schuchert & LeVene, 1929 
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Acosarina Cooper & Grant, 1969 
 
Type species. Acosarina dorsisulcata Cooper & Grant, 1969, p. 2, pl. 5, figs 19–23 
[=Acosarina minuta (Abich, 1878)]; Middle Permian, west Texas, United States. 
 
Discussion. In comparison with Acosarina, Schizophoria King, 1850, Orthotichia Hall & 
Clarke, 1892 and Dalmanella Hall & Clarke, 1892 all have strong teeth, a higher and shorter 
medium plate, and a weakly uniplicate anterior commissure. Rhipidomella Oehlert, 1890 can 
be easily differentiated from Acosarina by its comparatively short ventral median septum, a 
narrower hinge and weakly developed palintropes in both valves.  
In comparing Sunacosarina with Acosarina, Liang (1990) stated that the former has a 
shorter and higher median septum in the ventral valve, shorter dental plates extending 
forward and encircling the ventral muscle field, flabellate ventral muscle field and thick 
cardinal process. However, the character of the dental plates is a highly variable feature 
within several genera of the Schizophoriidae Shuchert & LeVene, 1929, including 
Schizophoria, Orthotichia, Dalmanella and Acosarina, as noted by Williams et al. (2000). 
Similarly, the length and strength of the ventral median septum in Acosarina also varies 
considerably, from half of the shell length to nearly the full shell length (Shen & Shi 2007). 
Acosarina is also known to possess a thick cardinal process (Cooper & Grant 1969). Thus, it 
appears untenable to distinguish Sunacosarina from Acosarina on the basis of the variability 
of the ventral dental plates, median septum and the cardinal process, hence raising the 
possibility that Sunacosarina Liang, 1990 may be a junior synonym of Acosarina Cooper & 
Grant, 1969.  
 
Distribution. Pennsylvanian (Late Carboniferous) to Early Triassic; China, Pakistan, 
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Thailand, Transcaucasia, United States. 
 
Acosarina minuta (Abich, 1878) (Pl. 13, Figs X–AC; Pl. 14, Figs A–D) 
 
1878 Streptorhynchus peregrinus var. minutus Abich, p. 78, pl. 10, fig. 1. 
1884 Orthis indica Waagen, pp. 568–570, pl. 56, figs 8, 14–16. 
1911 Dalmanella indica (Waagen); Frech, p. 120, pl. 18, fig. 1. 
1922 Dalmanella indica (Waagen); Hayasaka, p. 76, pl. 4, fig. 3. 
1931 Schizophoria indica (Waagen); Ozaki, pp. 167–169, pl. 15, fig. 13. 
1962 Orthotichia indica (Waagen); Zhan & Li, pp. 473, 474, pl. 1, figs 1–2. 
1964 Schizophoria indica (Waagen); Wang et al., pp. 134, 135, pl. 16, figs 24, 25, 28. 
1969 Acosarina dorsisulcata Cooper & Grant, p. 2, pl. 5, figs 19–23. 
1976 Acosarina dorsisulcata Cooper & Grant, pp. 2621, 2662, pl. 667, figs 1–26. 
1978 Acosarina dorsisulcata Cooper & Grant; Feng & Jiang, p. 235, pl. 85, fig. 10. 
1978 Orthotichia indica (Waagen); Tong, p. 211, pl. 27, fig. 3. 
1979 Acosarina indica (Waagen); Jin et al., p. 74, pl. 36, figs 6–9. 
1982 Acosarina indica (Waagen); Liu et al., pl. 125, fig. 7. 
1982 Acosarina indica (Waagen); Wang et al., p. 190, pl. 80, fig. 7. 
1982 Acosarina minuta (Abich); Wang et al., p. 190, pl. 96, figs 4, 5, 27. 
1984 Acosarina indica (Waagen); Yang in Feng et al., pl. 29, fig. 10. 
1988 Acosarina sp.; Yanagida, pl. 29, figs 1–12. 
1990 Acosarina indica (Waagen); Liang, pp. 354, 355, pl. 1, figs 6–10. 
1990 Acosarina indica (Waagen); Zhu, p. 62, pl. 9, figs 5–7. 
1993 Kotlaia capilosa Grant, p. 5, figs 4.1–4.6. 
1998 Acosarina minuta (Abich); Shi & Shen, pp. 506, 507, figs 3.5–3.11. 
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1999 Acosarina kanmerai Yanagida & Nakornsri, p. 111, pl. 26, figs 1–7. 
2007 Acosarina minuta (Abich); Shen & Shi, pp. 39, 40, pl. 14, figs 27–38, pl. 15, figs 1–21. 
2008 Acosarina minuta (Abich); Li & Shen, p. 318, fig. 6.27–6.32. 
 
Material. Four dorsal valve internal moulds (LZ1400372, LZ1400374, LZ1400375, 
LZ1400376) and five ventral valve internal moulds (LZ1400371, LZ1400373, LZ1400377, 
LZ1400378, LZ1200379). 
 
Remarks. Owing to the well-preserved specimens available for this study, we can supplement 
some new information for the dorsal interior of Acosarina minuta, including the crenulated 
cardinal process (which is similar to that in Schizophoria King, 1850) and muscle scars. 
 
Description. Small to medium size for genus, subcircular in outline, nearly equally biconvex, 
shell width nearly equal to length or slightly greater than length, maximum width at 
midvalve, 8.5–14.1 mm long and 9.4–15.7 mm wide; anterior commissure gently or slightly 
sulcate. Dorsal valve with crenulated cardinal process (Pl. 13, Fig. AC); sulcus very shallow, 
orignating from umbonal region, widening anteriorly. Costellae fine, rounded in cress-
section, coarser than interspace, 7–8 costellae per 2 mm at anterior margin. 
Ventral valve interior with long median septum, extending for more than half of shell 
length, extending to near anterior margin in some specimens; dental plates short and strong, 
convergently extending anteriorly into low ridges. Dorsal valve interior with strong 
brachiophore plates that extend forward first divergently, and then convergently as low ridges 
to encircle around muscle area; two pairs of prominent muscle scars, one pair small, 
elongated and posterolaterally located close to brachiophores, another pair much larger, 
triangular, distributed anteriorly at shell midwidth (Pl. 13, Fig. AB).  
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Discussion. Waterhouse (1983) reported Acosarina antesulcata (pp. 115, 116, pl. 1, figs 2–9) 
from the Changhsingian Huai Tak Formation in north Thailand. This species shares with A. 
minuta the characters of a low ventral sulcus and a long ventral median septum, but it can be 
distinguished by its acute angle of diverging posterior margins. Kotlaia aethopa Grant, 1993 
(pp. 6, 7, figs. 5.1–5.6, reassigned to Acosarina by Shen & Shi 2007, p. 38) from Khio Island 
(Greece) has weak dental plates, which are fused to the shell wall, and much more reduced 
brachiophores. Acosarina dorashanensis (Sokolskaja) (in Ruzhentsev & Sarytcheva 1965) 
shares with A. minuta a similar biconvex profile and long ventral median septum, but the 
former differs in having a transverse outline. 
 
Distribution. Carboniferous to Permian; Vietnam, Thailand, Salt Range, Armenia, Greece, 
west Texas, South China (Shaanxi, Sichuan, Chongqing, Guizhou, Hunan, Hubei, Jiangxi, 
Anhui, Zhejiang, Fujian and Guangxi provinces), North China (Shanxi Province), 
northwestern China (Qinghai Province).  
 
 
Orthotichia Hall & Clarke, 1892 
 
Type species. Orthis? morganiana Derby, 1874, pp. 29–32, pl. 3, figs 1–7, 9, 11, 34, pl. 4, 
figs 6, 14, 15. 
 
Discussion. Both Orthotichia and Schizophoria King, 1850 have a long ventral median 
septum but, in the latter, the median septum is much stronger (thicker) and its dental plates 
are shorter, converging forward as a pair of lower ridges encircling the muscle area. These 
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convergent ridges do not exist in the ventral interior of Orthis? morganiana Derby, 1874 (pl. 
3, figs 6, 7, 9, 11). Both Orthotichia Hall & Clarke, 1892 and Enteletes Fischer de Waldheim, 
1825 possess a long and thin ventral median septum and long dental plates, but the latter has 
nearly parallel or convergent dental plates, unlike the divergent dental plates in the ventral 
interior of Orthotichia.  
 
Orthotichia sp. (Pl. 14, Fig. E) 
 
Material. A ventral valve internal mould (LZ1400367). 
 
Description. Very small for genus, subcircular in outline, greatest width at midvalve, 6.2 mm 
long and 8 mm wide. Ventral valve strongly convex in umbonal region, slightly convex in 
marginal area; beak blunt and erect; cardinal extremities, lateral margins and anterior margins 
all rounded; sulcus absent. Coatellae fine, orginating from umbo, increasing once anteriorly 
by bifurcation, 7 costellae per 2 mm at anterior margin. 
Ventral valve interior with long and thin median septum, extending anteriorly for more 
than half of shell length, about 2.5 mm long; dental plates long and thin, diverging at an angle 
about 30–40°, extending slightly beyond midvalve length, about 2.5 mm long.  
 
Discussion. The very small size and subcircular outline of this single specimen makes it 
unlike any known species of Orthotichia. 
 
Distribution. Changhsingian; Zhongzhai section. 
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Family ENTELETIDAE Waagen, 1884 
 
Peltichia Jin & Liao in Jin & Sun, 1981 
 
Type species. Parenteletes sinensis mut. zigzag Huang, 1933, p. 13, pl. 2, figs 7a–e; 
Lopingian; Guizhou Province, South China. 
 
Discussion. The status and diagnosis of this important Changhsingian genus has been 
clarified and revised by Shen et al. (1999), which is followed here.  
In Enteletidae Waagen, 1884, Enteletina Schuchert & Cooper, 1931, Enteletes Fischer de 
Waldheim, 1825 and Parenteletes King, 1931 share very similar characters with the present 
genus, therefore, the comparison among these four genera needs to be clarified here. 
Schuchert & Cooper (1931) first proposed Enteletina with a very brief definition, in which 
it was described as “Externally like Parenteletes but internally like Enteletes” (Schuchert & 
Cooper 1931, p. 247). Subsequently, they (1932) discussed the differences between 
Enteletina and Parenteletes, suggesting that the former had nearly parallel or slightly 
divergent dental plates that are strongly divergent in the latter, and the ‘V-shaped camera’ is 
more typical in Parenteletes. In our view, however, the development of the dental plates and 
the shape of the anterior commissure are crucial features distinguishing these four genera. 
In terms of dental plates, Enteletes has the convergent type, Parenteletes possesses the 
divergent type, but Enteletina and Peltichia have the subparallel type. In regards to anterior 
commissure, Enteletina and Parenteletes share a large ‘V-shaped camera’ pattern in the 
central part, followed by several much smaller ‘V-shaped camera’ on each side. Enteletes, on 
the other hand, has several “V-shaped camera’ in nearly similar size, which contrasts with 
Peltichia, whose anterior commissure is marked by only one ‘V-shaped camera’ in the central 
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part with no other clear plication on either side (i.e., the anterior commissure is W-shaped). 
 
Peltichia zigzag (Huang, 1933) (Pl. 14, Figs H, I) 
 
1933 Parenteletes sinensis mut. zigzag Huang, p. 13, pl. 2, figs 7a–e. 
1964 Enteletina sinensis mut. zigzag (Huang), Wang et al., p. 153, pl. 20, figs 18–21. 
1974 Enteletina zigzag (Huang); Jin et al., p. 313, pl. 165, figs 14–16. 
1977 Enteletina zigzag (Huang); Yang et al., p. 309, pl. 129, fig. 9. 
1979 Peltichia zigzag (Huang) (nomen nudum); Liao, pl. 1, fig. 28. 
1980a Enteletina zigzag (Huang); Liao, pl. 1, figs 53–55. 
1980b Peltichia zigzag (Huang) (nomen nudum); Liao, pl. 1, figs 25, 26. 
1987 Enteletina zigzag (Huang); Xu in Yang et al., pl. 8, fig. 11. 
1994 Peltichia sinensis (Huang); Xu & Grant, p. 23, figs 10.1–10.15. 
1994 Peltichia zigzag (Huang); Xu & Grant, p. 22, figs 9.25, 9.26, 9.28–9.31. 
1995 Peltichia zigzag (Huang); Zeng et al., pl. 2, figs 2–3. 
1999 Peltichia zigzag (Huang); Shen et al., p. 60, figs 10.1–10.5, 10.26–10.29, 11. 
 
Remarks. Liao (1979, pl. 1, fig. 28; 1980b, pl. 1, figs 25, 26) respectively figured one 
specimen under Peltichia zigzag, in which Peltichia was proposed as a new genus, but neither 
with any description or discussion. Jin & Liao (in Jin & Sun 1981, p. 129) formally proposed 
and described this new genus. According to the ICZN Article 13.1 (Ride et al. 1999, p. 17), 
Peltichia zigzag should be treated as a nomen nudum in the above two cases. 
 
Material. A dorsal valve (LZ1600361). 
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Discussion. The overall appearance, especially the elongately subtriangular outline of the 
specimen suggests assignment to Peltichia zigzag. This species can be easily disntinguished 
from Peltichia transversus (Huang, 1933) and Peltichia kwangtungensis (Zhan in Hou et al. 
1979, pp. 62, 63, pl. 10, figs 1, 3) by its elongate outline. 
 
Distribution. Lopingian (Late Permian); South China (Shaanxi, Sichuan, Chongqing, 
Guizhou and Hubei provinces). 
 
 
Order RHYNCHONELLIDA Kuhn, 1949 
Superfamily WELLERELLOIDEA Licharew, 1956 
Family PONTISIIDAE Cooper & Grant, 1976 
Subfamily PONTISIINAE Cooper & Grant, 1976 
 
Prelissorhynchia Xu & Grant, 1994 
 
Type species. Pugnax pseudoutah Huang, 1933, pp. 64–66, pl. 10, figs 1–8; Longtan 
Formation, Lopingian; Guizhou Province, South China. 
 
Discussion. Aspects of Prelissorhynchia have been discussed in detail by Chen & Shi (1999) 
and Shen & Shi (2007). However, distinction of this genus from several closely related 
genera such as Lissorhynchia Yang & Xu, 1966, Wellerellina Shen et al., 1992 and 
Prelissorhynchia Xu & Grant, 1994 remains a challenge. In part, the challenge has stemmed 
from the poor understanding of the dorsal internal structures of Pugnax pseudoutah Huang, 
1933, the type species in Huang’s original description (1933, pp. 64–66), which stated: “In 
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the brachial valve two thin crural plates appear just below the hinge margin”. But when Xu & 
Grant (1994) established Prelissorhynchia, they stated: “Brachial valve interior with 
undivided hinge plate, but hinge plates separating socket ridges and crural bases, inner hinge 
plates forming arched bridge” (1994, p. 36). Thus, it is unclear whether the crural plates exit 
or not in Pugnax pseudoutah. This is a crucial question because the presence or absence of 
crural plates is the main difference between Pugnax and Prelissorhynchia. According to the 
thin sections of Prelissorhynchia pseudoutah ( Pugnax pseudoutah) (Xu & Grant, 1994, p. 
38, fig. 23), this species lacks crural plates, but does possess crural bases. Unfortunately, 
Huang (1933) did not illustrate any internal dorsal features, but he mentioned that the crural 
plates were thin and appeared just below the hinge margin. So, it is very likely that Huang 
(1933) mistook crural bases for his so-called crural plates. 
Lissorhynchia Yang & Xu, 1966, with type species Lissorhynchia pygmaea Yang & Xu, 
1966, differs from Prelissorhynchia in possessing a very short median ridge within the dorsal 
interior; they also differ in costation patterns in that Lissorhynchia has one costa in the ventral 
sulcus and two on dorsal fold, unlike Prelissorhynchia, which has two or more costae in the 
ventral sulcus and three or more on the dorsal fold.  
Shen et al. (1992) named Wellerellina based on Wellerellina chongqingensis Shen et al., 
1992 as the type species. In establishing this genus, Shen et al. (1992) observed that 
Wellerellina has exactly the same inner structures as Lissorhynchia, but Wellerellina is more 
costate. However, in a more recent study by Shen & Shi (2007, pp. 56, 57), more detailed 
descriptions of Wellerellina chongqingensis were provided, indicating that the median septum 
or ridge is completely absent. Therefore, it is unclear how Wellerellina could be distinguished 
from Prelissorhynchia if it did not have a median septum or ridge. 
Pontisia Cooper & Grant, 1969, with type species Pontisia stehlii Cooper & Grant, 1969 
(pp. 13, 14, pl. 4, figs 7–10), differs from the present genus in the presence of a median ridge 
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in dorsal valve interior.  
 
Distribution. Lopingian (Late Permian); South China. 
 
Prelissorhynchia pseudoutah (Huang, 1933) (Pl. 14, Figs J–U) 
 
1933 Pugnax pseudoutah Huang, p. 64, pl. 10, figs 1–8. 
1955b Pugnax pseudoutah Huang; Wang, p. 134, pl. 73, figs 13–16. 
1964 Pugnax pseudoutah Huang; Wang et al., pp. 396, 397, pl. 66, figs 12–15. 
1974 Pugnax pseudoutah Huang; Jin et al., p. 312, pl. 165, figs 7–9. 
1977 Pugnax pseudoutah Huang; Yang et al., p. 381, pl. 151, figs 3a–c. 
1978 Pugnax pseudoutah Huang; Feng & Jiang, p. 272, pl. 101, figs 3a–c. 
1978 Pugnax pseudoutah Huang; Tong, pp. 241, 242, pl. 85, figs 11a–c. 
1979 Pugnax pseudoutah Huang; Zhan in Hou et al., p. 95, pl. 13, figs 21–22. 
1979 Neowellerella cf. pseudoutah (Huang); Jin et al., p. 105, pl. 30, figs 6–9. 
1980a Neowellerella pseudoutah (Huang); Liao, pl. 7, figs 38, 39. 
1980b Neowellerella pseudoutah (Huang); Liao, pl. 1, figs 10, 11. 
1982 Neowellerella pseudoutah (Huang); Wang et al., p. 235, pl. 96, figs 18, 19. 
1986 Neowellerella pseudoutah (Huang); Liao & Meng, pl. 4, fig. 7. 
1987 Lissorhynchia pseudoutah (Liao); Xu in Yang et al., p. 229, pl. 13, figs 15, 16, pl. 14, 
figs 10, 12. 
1987 Neowellerella pseudoutah (Huang); Liao, pp. 108, 109, pl. 5, fig. 29, pl. 8, fig. 1. 
1994 Prelissorhynchia pseudoutah (Huang); Xu & Grant, p. 38, fig. 22.28–22.48. 
1994 Cryolexis antearcus Xu & Grant, p. 39, fig. 26.1–26.20. 
1999 Prelissorhynchia pseudoutah (Huang); Chen & Shi, pp. 20, 22, 23, fig. 6A–F, H–J, L–
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R. 
1999 Prelissorhynchia sp.; Chen & Shi, p. 23, fig. 6G, K. 
1999 Prelissorhynchia xui Chen & Shi, pp. 23, 25, fig. 4. 
2007 Prelissorhynchia pseudoutah (Huang); Shen & Shi, pp. 53–55, pl. 20, figs 32–35, pl. 
21, figs 1–4, 12–15, 20–23. 
2007 Prelissorhynchia plena Shen & Shi, pp. 55, 56, pl. 22, figs 1–23. 
2009b Prelissorhynchia pseudoutah (Huang); Chen et al., fig. 7T–U. 
 
Remarks. Due to the excellent preservation of the material, some interior structures (dental 
plates, outer socket ridge, inner socket ridge, socket), previously unkown or poorly known to 
this species, are illustrated for the first time here, especially, the denticulate hinge teeth (Pl. 
14, Figs T, U).  
 
Material. Three dorsal valve internal moulds (LZ2701333, LZ1400334, LZ2702335), two 
ventral valve internal moulds (LZ1600336, LZ0000385) and three conjoined shells internal 
moulds (LZ2702679, LZ2702680, LZ2702681). 
 
Description. Medium size for genus, slightly transversely ovate or elliptical in outline, 
maximum width at midvalve, 6.3–8.8 mm long and 7.1–9.5 mm wide. Ventral valve gently 
convex; sulcus wide and prominent, originating from posterior of midvalve, widening and 
deepening anteriorly, anterior commissure uniplicate. Dorsal valve gently convex, fold gently 
inflated. Costae strong and simple, commencing posterior of midvalve, 2 costae in sulcus, 3 
on fold, 2–3 pairs on lateral margins. 
Ventral valve interior with denticulate hinge teeth (see Pl. 14, Figs T, U); dental plates 
nearly parallel or slightly divergent, about 1.5 mm long. Socket narrow; inner socket ridge 
245 
 
and outer socket ridge quite thin, along with hinge line.   
 
Discussion. This species is characterized by a transversely oval or elliptical outline, gentle 
convexity and two costae in sulcus and three costae on dorsal fold. The combination of these 
features makes it unique among all known species of this genus. Prelissorhynchia triplicata 
(Liao, 1980a) from the Longtan Formation (Lopingian, Guizhou Province) in South China, is 
characterized by three costae in the sulcus and four costae on the fold. Lissorhynchia 
tetraplicata Shen et al., 1992 from the Changxing Formation (Lopingian, Chongqing City) in 
South China, has four costae in sulcus and five on fold. On the other hand, Lissorhynchia 
monoplicata Shen et al., 1992 has only one costa in the sulcus and two on the fold. It is 
notable that Shen et al. (1992) recognized distinctions of the various Lissorhynchia species 
primarily on the basis of the number of costae, with seemingly no reference to any internal 
structures. In this regard, it would be more reasonable to assign Lissorhynchia tetraplicata to 
Prelissorhynchia Xu & Grant, 1994 and Lissorhynchia monoplicata may be a synonym of 
Lissorhynchia pygmaea Yang & Xu, 1966. 
Shen & Shi (2007) also studied Prelissorhynchia pseudoutah (Huang, 1933) in detail and 
noted that the costae in the ventral sulcus may range from one to four and those on the dorsal 
fold from two to five costae (Shen & Shi 2007, p. 53). According to this broad definition, 
they synonymized Prelissorhynchia pseudoutah, Neowellerella triplicate, Lissorhynchia 
tetraplicata and Lissorhynchia monoplicata with Prelissorhynchia pseudoutah. This revision 
may be valid, but does require substantiation via comparison of inner structures. Until this 
comparative work is carried out, we herein prefer to retain the original definition of P. 
pseudoutah as supported by Xu & Grant (1994). 
 
Distribution. Lopingian (Late Permian) to Early Triassic; South China (Sichuan, Chongqing, 
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Guizhou, Hubei and Zhejiang provinces).   
 
 
Order ATHYRIDIDA Boucot, Johnson & Staton, 1964 
Suborder ATHYRIDIDINA Boucot, Johnson & Staton, 1964 
Superfamily ATHYRIDOIDEA Davidson, 1881 
Family ATHYRIDIDAE Davidson, 1881 
Subfamily SPIRIGERELLINAE Grunt in Ruzhentsev & Sarytcheva, 1965 
 
Araxathyris Grunt in Ruzhentsev & Sarytcheva, 1965 
 
Type species. Spirigera protea Abich, 1878, pp. 52, 53. 
 
Discussion. When Grunt (in Ruzhentsev & Sarytcheva 1965) proposed Araxathyris with 
Spirigera protea Abich, 1878 as the type species, she attributed the key differences between 
Araxathyris and Spirigerella Waagen, 1883 [with the type species Spirigerella derbyi 
Waagen, 1883 (pp. 453–457, pl. 35, figs 4–7, 9–13; pl. 37, figs 11–13)] to include well-
developed dentral plates forming the spondylium and a smaller cardinal process in 
Araxathyris, unlike Spirigerella, which lacks distinct dental plates or, even when present, are 
indistinct and buried in the shell (Williams et al. 2002, p. 1536). Spirigerella also possesses 
an “exceedingly large” (Waagen 1883, p. 451) cardinal process. 
In 1994, Xu & Grant reveiwed some South China species of Araxathyris and Spirigerella, 
and discussed the differences between these genera. Except for the dental plates, they 
proposed that Araxathyris possesses a distinct median groove that is either absent from or 
indistinctive in Spirigerella. However, as observed from our material below, this supposed  
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distintinction is problematic as the development of a median groove appears highly variable  
within both genera. In light of the revisions carried out here, we have examined all published 
records of South China Spirigerella and Araxathyris species and revised their taxonomy 
(Table 10.2). 
 
Distribution. Permian to Triassic; North China, northwestern China, South China, Thailand, 
Iran, Transcaucasus, southern Alps. 
 
Araxathyris guizhouensis (Liao, 1980a) (Pl. 14, Figs F, G) 
 
1933 Athyris timorensis (Rothpletz); Huang, pp. 69–71, pl. 10, figs 13–19. 
1964 Athyris timorensis (Rothpletz); Wang et al., p. 612, pl. 120, figs 13–16. 
1980a Araxathyris guizhouensis Liao, p. 268, pl. 9, figs 1–4. 
1994 Spirigerella guizhouensis (Liao); Xu & Grant, pp. 52, 54, figs 41.1–41.51, 42. 
 
Material. Two dorsal valve internal moulds (LZ1000357, LZ1600358). 
 
Discussion. These two specimens, though well preserved in general nature, show no inner 
structures. However, the parasulcate anterior commissure and shell size of these specimens 
are almost identical to specimens figured as A. guizhouensis by Liao (1980a) from a nearby 
locality in Puding County (Figure 2.5).   
 
Distribution. Lopingian (Late Permian); South China (Sichuan, Chongqing, Guizhou and 
Zhejiang provinces). 
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Order SPIRIFERIDA Waagen, 1883 
Suborder SPIRIFERIDINA Waagen, 1883 
Superfamily AMBOCOELIOIDEA George, 1931 
Family AMBOCOELIIDAE George, 1931 
Subfamily AMBOCOELINAE George, 1931 
 
Orbicoelia Waterhouse & Piyasin, 1970 
 
Type species. Orbicoelia fraterculus Waterhouse & Piyasin, 1970 (pl. 25, figs 16–26; pl. 26, 
figs 1–4). Wordian; Thailand. 
 
Remarks. When Waterhouse & Piyasin (1970, pp. 144, 145) defined Orbicoelia as a new 
genus, they suggested the differences between Orbicoelia and Crurithyris be: “both valves of 
Crurithyris have a sulcus – the most obvious difference from Orbicoelia, and the spines of 
Crurithyris? lie on distinct concentric ridges”. Additionally, Chen et al. (2006, pp. 316, 317) 
proposed that “Orbicoelia is distinct from Crurithyris in the possession of a relatively more 
strongly inflated dorsal valve, a narrower and higher ventral interarea and more rounded 
cardinal extremities”. However, with the precondition of absence of a sulcus in both valves, 
these differences should be used cautiously and considered collectively, especially when the 
inflation of dorsal valve is low (relative to ventral valve) for both genera. As in some species 
of Crurithyris with very low-inflation dorsal valves, the sulcus could be quite shallow and 
difficult to recognise, a condition that could be mistaken for Orbicoelia. 
 
Orbicoelia speciosa (Wang, 1955b) (Pl. 15, Figs A–I) 
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1955b Crurithyris speciosa Wang, p. 146, pl. 83, figs 1–4. 
1956 Crurithyris speciosa Wang, pp. 389, 390, pl. 6.1, figs 1–6. 
1964 Crurithyris speciosa Wang; Wang et al., p. 546, pl. 104, figs 13–16. 
1978 Crurithyris speciosa Wang; Tong, p. 254, pl. 89, fig. 6. 
1978 Crurithyris speciosa Wang; Feng & Jiang, p. 283, pl. 102, fig. 10. 
1979 Crurithyris speciosa Wang; Liao, pl. 1, fig. 21. 
1980a Crurithyris speciosa Wang; Liao, pl. 8, figs 16, 17. 
1981 Crurithyris speciosa Wang; Jin & Sun, pp. 156, 157, text-fig. 17. 
1994 Crurithyris speciosa Wang; Xu & Grant, p. 45, figs 33, 34: 48–51. 
2006 Crurithyris speciosa Wang; Chen et al., pp. 317–319, figs 9a–f, 10.  
 
Material. A dorsal internal mould (LZ0400471), two ventral internal moulds (LZ1400444, 
LZ1400452) and three internal moulds of conjoined shells (LZ0400463, LZ0400641, 
LZ2704642). 
 
Description. Large size for Orbicoelia, elliptical or subovate outline, maximum width at 
midvalve, 9.0–15.1 mm long and 9.4–17.3 mm wide. Ventral valve strongly convex; beak 
high, incurved, overhanging above delthyrium; interarea slightly broad, triangular, concave, 
delthyrium of medium size (relative to shell size), elliptical; cardinal extremities rounded; 
sulcus or fold absent. Dorsal valve prominently inflated; sulcus or fold absent. 
Dorsal interior with sphenoidal crural plates, slightly divergent, about 1.5–2.5 mm long; 
median ridge varying from indistinct to generally thin but prominent, originating from umbo, 
extending anteriorly for about one-fourth to one-third of shell length; sockets narrow, deep; 
inner socket ridges prominent, triangular; outer socket ridges prominent, very narrow, 
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extending along hinge line. 
 
Discussion. This species is assigned to Orbicoelia on account of its lack of a sulcus in both 
valves. Crurithyris huadongensis Liang, 1990 (herein revised to Orbicoelia huadongensis) 
resembles the present species in size, outline and in the presence of a median ridge in the 
dorsal interior, but the former has a much smaller delthyrium. Orbicoelia fraterculus 
Waterhouse & Piyasin, 1970 (pp. 145–147, pl. 25, figs 16–26; pl. 26, figs 1–4) also has an 
elliptical to subovate outline like O. speciosa, but it differs in its well-defined triangular 
delthyrium and lacking a median ridge. Both O. speciosa and Crurithyris comcincta Xu in 
Yang et al., 1987 (pl. 15, figs 19–22) have a gentle inflation, but the latter has a transverse 
outline, one strong ruga near the anterior margin of both valves and more detached crural 
plates. 
 
Distribution. Lopingian (Late Permian) to Early Triassic; South China (Guizhou, Sichuan, 
Zhejiang, Anhui, Hunan and Guangdong provinces). 
 
Orbicoelia sp. cf. O. speciosa (Wang, 1955b) (Pl. 15, Figs L–S) 
 
1980a Crurithyris cf. speciosa Wang; Liao, p. 265, pl. 8, fig. 15. 
 
Material. Four internal moulds of conjoined shells (LZ0400454, LZ1400482, LZ0400483, 
LZ0400486). 
 
Discussion. In external and internal characters, these materials look identical to Orbicoelia 
speciosa described above, but they have a flat dorsal valve. In this regard, these specimens 
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are probably better identified with Crurithyris than with Orbicoelia, as also discussed by 
Chen et al. (2006). On the other hand, the complete absence of a sulcus or fold in either valve 
is clearly characteristic of Orbicoelia. On this basis, it is possible that these specimens, along 
with those figured as Crurithyris cf. speciosa Wang by Liao (1980a, p. 265, pl. 8, fig. 15), 
may potentially represent a new transitional form between Orbicoelia and Crurithyris, but 
equally the differences may merely reflect some intraspecific variation.  
 
Distribution. Changhsingian; Zhongzhai section. 
 
Orbicoelia comcincta (Xu in Yang et al., 1987) (Pl. 15, Figs J, K) 
 
1987 Crurithyris comcincta Xu; Yang et al., pp. 231, 232, pl. 15, figs 19–22. 
 
Material. A dorsal internal mould (LZ0400472) and an internal mould of conjoined shells 
(LZ1600458). 
 
Description. Small to medium size for genus, dorsal valve prominently inflated, greatest 
width at midvalve. At least one strong ruga present near marginal area. 
Dorsal interior with one pair of crural plates, thin, about one-third of dorsal shell length; 
median ridge weak; sockets narrow, deep; inner socket ridges prominent, triangular; outer 
socket ridge prominent, very narrow, along hinge line. 
 
Discussion. The strong single ruga present near the margin of both valves appears to be a 
unique feature of this species that would easily distinguish it from the other species in 
Orbicoelia. The same feature was also highlighted by Xu (in Yang et al. 1987, pp. 231, 232) 
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but the ruga in their specimens is located at one-third of shell length of anterior margin. 
However, if considering the intraspecific differences, it is still appropriate to place them into 
Orbicoelia comcincta. 
 
Distribution. Lopingian (Late Permian); South China (Fujian and Guizhou provinces). 
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Plate 1. A–O, Orbiculoidea elegans Liao, 1980a. A, B, D, Dorsal valve internal moulds, 
LZ1200180, LZ1200182, LZ1200203; C, Dorsal valve external mould, LZ1200191; E, J, L, 
Ventral valve external moulds, LZ1200625, LZ1200609, LZ1200602; F, Enlarged 
rectangular area in E, presenting the pedicle track; G, I, K, M, N, Ventral valve internal 
moulds, LZ1200622, LZ1200606, LZ1200623, LZ1200621, LZ1200601; H, Enlarged 
rectangular area in Fig. G, showing the pedicle track; O, A group of several O. elegans 
specimens, including two ventral valve internal moulds (indicated by white arrows), one 
dorsal valve internal mould (indicated by black arrow) and one valve fragment, LZ1200624. 
P, Q, Orbiculoidea anhuiensis Jin & Hu, 1978. P, Ventral valve internal mould, LZ0400175; 
Q, Enlarged rectangular area in Fig. P, showing the pedicle track. Each scale bar = 2mm. 
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Plate 2. A–O, Orbiculoidea nucleola Liao, 1980a. A, B, H, I, J, K, M, Dorsal valve internal 
moulds, LZ2701206, LZ1600208, LZ0400615, LZ2702627, LZ1200612, LZ1200613, 
LZ1200617; C, G, Ventral valve internal moulds, LZ0200199, LZ1200605; D, F, N, Ventral 
valves, LZ1200611, LZ2702626, LZ2703197; E, O, Enlarged rectangular areas in Figs D, N, 
showing the pedicle track; L, Lateral view of dorsal valve (K). P, Q, T, U, Orbiculoidea liaoi 
sp. nov. P, Ventral valve, presenting the pedicle track, LZ2701198; Q, Lateral view of ventral 
valve (P); T, U, Dorsal valves, LZ2702628, LZ2702614. R, Orbiculoidea qinglongensis 
Liao, 1980a, ventral valve internal mould showing the pedicle track, LZ0700187. S, 
Orbiculoidea sp. 1, ventral valve internal mould showing the pedicle track, LZLZ0700186. 
Each scale bar = 2 mm. 
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Plate 3. A, Orbiculoidea liaoi sp. nov. A, Dorsal valve, LZ2705200. B, C, Orbiculoidea sp. 
2. B, Dorsal valve internal mould, LZ1200616; C, Lateral view of dorsal valve (B). D, 
Orbiculoidea yangkangensis Xu & Liu, 1983, dorsal valve internal mould, LZ0300207. E–H, 
Orbiculoidea sp. cf. O. elegans Liao, 1980a. E, Ventral valve external mould showing the 
pedicle track, LZ1200619; F, G, Ventral valve internal moulds showing the pedicle track, 
LZ1200607, LZ1200610; H, Dorsal valve internal mould, LZ1200184. Each scale bar = 2 
mm. 
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Plate 4. A, B, Pygmochonetes sp. A, Dorsal external mould and a part of dorsal internal, 
presenting the hinge spines and papillae, LZ2703540; B, Ventral internal, presenting the 
papillae, LZ2702546. C, Songzichonetes sp., ventral external mould, LZ2703541. D–H, 
Neochonetes (Zhongyingia) transversa sp. nov. D, Ventral internal mould, presenting the 
median septum and papillae, LZ1400659; E, F, Ventral internal moulds, presenting the hinge 
spines and papillae, LZ1200657, LZ1200658; G, H, Dorsal external mould, presenting the 
tubes, LZ2702660, LZ2702661. I–R, Paryphella orbicularis (Liao, 1980a). I, K–O, R, 
ventral internal moulds, LZ2702676, LZ2704668, LZ2702651, LZ2701156, LZ2702517, 
LZ2705531, LZ2702647; J, P, Q, Ventral internal moulds, presenting the papillae, 
LZ2702677, LZ2702645, LZ2702646. S–U, Paryphella triquetra Liao in Zhao et al., 1981. 
S, Ventral internal mould, LZ2702653; T, Ventral internal mould, presenting the papillae, 
LZ2701155; U, Ventral internal mould, presenting the hinge spines, LZ2704160. V, 
Paryphella sinuata (Zhan in Hou et al., 1979), ventral internal mould, LZ2706170. W–AA, 
Paryphella elegantula Zhan in Li et al., 1989, ventral internal moulds, LZ2702643, 
LZ2702644, LZ2702533, LZ1200171, LZ2702674. AB, Paryphella acutala sp. nov., ventral 
internal mould, presenting the hinge spines and the nasute extension at anterior margin, 
LZ2702656. Each scar bar = 5mm. 
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Plate 5. A, Tethyochonetes chaoi Chen et al., 2000, external mould of dorsal valve, showing 
small tubes on dorsal external surface, LZ2702242. B–E, Tethyochonetes longtanensis (Liao, 
1984). B–C, Internal moulds of ventral valve, showing median septum, LZ2702057, 
LZ2703230; D, Dorsal internal, showing papillae on inner surface, LZ2701231; E, Ventral 
external, LZ2705303. F–G, Tethyochonetes pygmaea (Liao, 1980a). F, Internal mould of 
ventral valve, showing hinge spines and median septum, LZ2704044; G, Dorsal internal, 
showing papillae on inner surface, LZ2703239. H–N, Tethyochonetes quadrata (Zhan in Hou 
et al., 1979). H, External mould of dorsal valve, showing small tubes on dorsal external 
surface, LZ2706008; I–M, Interior moulds of ventral valve, showing hinge spines, papillae 
on inner surface and median septum, LZ2704091, LZ2705120, LZ2704302, LZ2706306, 
LZ2705392; N, Ventral internal, showing papillae on inner surface, LZ0400246. O–P, 
Tethyochonetes soochowensis (Chao, 1928). O, Dorsal internal, showing papillae on inner 
surface, LZ2702235; P, Internal mould of ventral valve, LZ2702263. Q–T, Tethyochonetes 
sp. cf. T. quadrata (Zhan in Hou et al., 1979). Q, S, Conjoined internal moulds of both 
valves, LZ0400278, LZ0400281; R, External mould of dorsal valve, showing small tubes on 
dorsal external surface, LZ0400280; T, Internal mould of ventral valve, showing the hinge 
spines, LZ0400277. U–Z, Tethyochonetes sheni Zhang et al., 2013. U, W, Y, Z, External 
moulds of dorsal valve, showing small tubes and concentric lamellae on dorsal external 
surface, trifid cardinal process (cp), LZ2702250, LZ2700271, LZ2702388, LZ2703549; V, 
External mould of dorsal valve, showing small tubes on dorsal external surface, LZ2703257; 
X, Enlarged rectangular area in Fig. W, showing trifid cardinal process (cp). AA–BB, 
Tethyochonetes cheni Zhang et al., 2013. AA–BB, External moulds of dorsal valve, showing 
small tubes on dorsal external surface, LZ2706032, LZ2701034. Each scale bar = 2 mm. 
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Plate 6. A–K, Tethyochonetes cheni Zhang et al., 2013. A, Dorsal internal, showing papillae 
on dorsal inner surface, LZ2702223; B, K, External moulds of dorsal mould, showing small 
tubes on dorsal external mould and quadrivalve cardinal process (cp), LZ2703237, 
LZ2705312; C, Enlarged rectangular area in Fig. B, showing small tubes; D, External mould 
of dorsal valve, showing small tubes on dorsal external surface and hinge spines, LZ2706254; 
E, External mould of dorsal valve, LZ2702260; F, External mould of dorsal valve, showing 
small tubes on dorsal external surface, LZ2703266; G, External mould of dorsal valve and a 
fraction of ventral internal mould, showing small tubes on dorsal external surface and median 
septum on ventral internal mould, LZ2704301; H, External mould of dorsal mould, showing 
small tubes on dorsal external surface and hinge spines, LZ2703265; I, External mould of 
dorsal valve, showing small tubes and concentric lamellae on dorsal external surface, 
quadrivalve cardinal process (cp) and hinge spines, LZ2702071; J, Enlarged rectangular area 
in Fig. I, showing quadrivalve cardinal process (cp). L, Tethyochonetes sp., external mould of 
dorsal valve with a fragment of ventral interior mould, showing small tubes on dorsal 
external surface and median septum on ventral internal mould, LZ2705024. M–Z, 
Neochonetes (Huangichonetes) substrophomenoides (Huang, 1932). M, Internal mould of 
ventral valve, showing hinge spines, LZ2706264; N, Conjoined ventral and dorsal internal 
moulds, LZ0400113; O, Enlarged rectangular area in Fig. N, showing median septum (ms) in 
ventral valve, median septum (ms), lateral septum (ls) and alveolus (al) in dorsal valve; P, T, 
Internal moulds of ventral valve, showing the distribution of hinge spines, LZ2702387, 
LZ0400128; Q, R, Interior moulds of ventral valve, LZ1200102, LZ1400114; S, Dorsal 
internal, showing papillae, LZ2702224; U, Enlarged rectangular area in Fig. T, showing the 
distribution of hinge spines; V, X–Z, Internal moulds of ventral valve, LZ0400111, 
LZ1400530, LZ1400097, LZ1400368; W, Internal mould of dorsal valve and a fraction of 
ventral external mould, showing small tubes on dorsal external surface and hinge spines, 
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LZ2703216. AA, Neochonetes (Huangichonetes) archboldi Zhang et al., 2013. AA, External 
mould of dorsal valve, LZ2700001. Each scale bar = 2 mm. 
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Plate 7. A–O, Neochonetes (Huangichonetes) archboldi Zhang et al., 2013. A, B, Internal 
moulds of ventral valve, LZ2705005, LZ2704059; C, External mould of dorsal valve, 
showing small tubes and hinge spines, LZ2702061; D, External mould of dorsal valve and a 
fraction of ventral internal mould, showing the distribution of hinge spines, LZ2703072; E, 
External mould of dorsal valve, showing small tubes on dorsal external surface and bilobed 
cardinal process, LZ2702090; F, External mould of dorsal valve, showing small tubes on 
dorsal external surface, LZ2704108; G, External mould of dorsal valve and a fraction of 
ventral valve internal, showing median septum in ventral internal, LZ2705137; H, Enlarged 
rectangular area in Fig. G, showing the ring-shaped zone; I, External mould of dorsal valve, 
showing small tubes on dorsal external surface, LZ2705142; J, K, External moulds of dorsal 
valve, showing small tubes and concentric lamellae on dorsal external surface, LZ2705143, 
LZ2703148; L, Dorsal internal, showing papillae on dorsal inner surface, LZ2705150; M, 
External mould of dorsal valve and a fraction of ventral valve internal, showing small tubes 
on dorsal external surface, LZ2702289; N, External mould of dorsal valve and a fraction of 
ventral internal valve, showing small tubes on dorsal external surface and the distribution of 
hinge spines, LZ2706219; O, Enlarged rectangular area in Fig. N, showing the distribution of 
hinge spines. P, Q, Neochonetes (Zhongyingia) transversa sp. nov., internal moulds of ventral 
valve, LZ1400109, LZ0600131. R–W, Neochonetes (Sommeriella) strophomenoides 
(Waagen, 1884). R–T, External moulds of dorsal valve, showing small tubes on dorsal 
external and quadrilobate cardinal process, LZ1200084, LZ0400104, LZ0400105; U, 
External mould of ventral valve, showing small tubes on ventral external, LZ1200126; V, 
Internal mould of dorsal valve, showing median septum and lateral septa, LZ1200133; W, 
Enlarged rectangular area in Fig. V, showing alveolus (al), lateral septa (ls) and median 
septum (ms) in dorsal internal mould. X, Y, Neochonetes (Sommeriella) regularis Shen et al., 
2000. X–Y, Internal moulds of ventral valve, LZ0400096, LZ2705145. Z, AA, Neochonetes 
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(Huangichonetes) geniculatus Campi & Shi, 2005, conjoined internal mould of both valves, 
LZ0400118. Each scale bar = 2 mm. 
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Plate 8. A–B, Neochonetes (Sommeriella) sp., internal moulds of ventral valve, LZ0400099, 
LZ1400370. C–L, Neochonetes (Sommeriella) waterhousei Zhang et al., 2013. C–H, Interior 
moulds of ventral valve, LZ1200073, LZ1200074, LZ1200075, LZ1200076, LZ1200078, 
LZ1200080; I, J, Interior moulds of ventral valve, showing the distribution of hinge spines, 
LZ0400100, LZ1200132; K, Enlarged rectangular area in Fig. J, showing the distribution of 
hinge spines; L, Interior mould of ventral valve, LZ0400123. M–V, Neochonetes 
(Sommeriella) rectangularis Zhang et al., 2013. M–O, interior moulds of ventral valve, 
LZ2705016, LZ1400033, LZ2705020; P–S, U, Internal moulds of ventral valve, LZ2705042, 
LZ2703043, LZ2702049, LZ2705064, LZ2702382; T, V, Internal moulds of ventral valve, 
showing the distribution of hinge spines, LZ2706146, LZ2703299. W–AA, Neochonetes 
(Zhongyingia) zhongyingensis Liao, 1980a. W, Internal mould of ventral valve, showing 
hinge spines, LZ0400124; X, Internal mould of conjoined shells, showing median septum in 
ventral valve, median septum and lateral septa in dorsal valve, LZ0400110; Y, External 
mould of dorsal valve, showing small tubes and quadrilobate cardinal process, LZ0400127; 
Z, AA, External moulds of dorsal valve, showing small tubes and hinge spines, LZ1200082, 
LZ0400085. AB, Neochonetes semicircularis Zhang et al., 2013, external mould of ventral 
valve, showing small tubes on ventral external surface, LZ2702539. Each Scale bar = 2 mm. 
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Plate 9. A–H, Neochonetes semicircularis Zhang et al., 2013. A, Internal mould of ventral 
valve, showing the distribution of hinge spines, LZ2703068; B, Enlarged rectangular area in 
Fig. A, showing the distribution of hinge spines; C, Internal mould of ventral valve, 
LZ2704210; D, Internal mould of ventral valve, showing the distribution of hinge spines, 
LZ2702212; E, F, Internal moulds of ventral valve, LZ2704538, LZ2703543; G, H, Internal 
moulds of ventral valve, showing the distribution of hinge spines, LZ2702545, LZ2704411. 
Each scale bar = 2 mm. 
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Plate 10. A–M, Paryphella acutala sp. nov. A, C, E, H, J, K, Ventral internal moulds, 
presenting the nasute extension at anterior margin, LZ2703169, LZ2702673, LZ2702675, 
LZ2702650, LZ2705534, LZ2702671; B, Ventral valves, showing the spines or spine bases 
(s/sb) on shell surface, LZ2702163; D, Ventral internal moulds, showing the nasute extension 
at anterior margin and spines or spines bases (s/sb), LZ2702672; F, Dorsal external mould, 
LZ2702515; G, I, Ventral valves, showing the nasute extension at anterior margin, 
LZ2702168, LZ2701670; L, Dorsal internal mould of Specimen LZ2702671, presenting the 
median ridge (mr), brachial ridges (br) and endospines (es); M, Enlarged rectangular area in 
Fig. L, the white arrows are indicating the direction of the declining endospines. Each scar 
bar = 5mm, except M. 
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Plate 11. A–K, Spinomarginifera kueichowensis Huang, 1932. A, Ventral internal mould, 
presenting the endospines, LZ2702639; B, Anterior view of ventral internal mould (A); C, 
Lateral view of ventral internal mould (A); D, Enlarged rectangular area in A, showing the 
anterior diductor muscle scars (adms); E, Dorsal internal mould, presenting the adductor 
muscle scars (ams), lateral septum (ls), median septum (ms), brachial ridges (br) and 
endospines (es), LZ2702640; F, Enlarged rectangular area in Fig. E, showing ams, ls and ms; 
G, Ventral internal mould, showing the endospines and spines, LZ2702488; H, Ventral 
internal mould, presenting the anterior diductor muscle scars, LZ2702631; I, K, Dorsal 
external moulds, showing the spines on the shell surface and trifid cardinal process, 
LZ2701490, LZ2703524; J, Dorsal internal mould, presenting the lateral septa, median 
septum, brachial ridges and marginal ridges, LZ1400342. L–Q, Spinomarginifera alpha 
(Huang, 1932). L, Ventral internal mould, LZ2702632; M, Posterior view of ventral internal 
mould (L); N, Laterial view of ventral internal mould (L); O, Dorsal internal mould, 
presenting the median septum, lateral septa, endospines and marginal ridges, LZ2704493; P, 
Dorsal external mould, LZ2703523; Q, Dorsal valve, LZ2701359. Each scale bar = 5 mm, 
except D and F. 
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Plate 12. A, E, F, Spinomarginifera sp. cf. S. sintanensis (Chao, 1927). A, Dorsal external 
mould, presenting the rugae and spines on shell surface, LZ1400369; E, F, Ventral internal 
moulds, showing the rugae and spine bases on shell surface, LZ1400344, LZ1400348. B, G, 
Spinomarginifera sintanensis (Chao, 1927). B, G, Dorsal external mould, presenting the 
rugae and trifid cardinal process, LZ1400347, LZ1400341. C, D, Spinomarginifera 
chengyaoyenensis Huang, 1932. C, Dorsal internal mould, presenting the lateral septa, 
median ridge and marginal ridges, LZ1400343; D, Dorsal external mould, LZ1400345. H, 
Oldhamina interrupta Zhan in Hou et al., 1979, ventral internal mould, presenting the lateral 
septa and median septum, LZ1200363. I–L, Spinomarginifera kueichowensis Huang, 1932. I, 
Dorsal external mould, LZ2701492; J, Ventral internal mould, presenting a row of spines ear 
and vertical region, LZ2704502; K, Enlarged rectangular area in J; L, Ventral internal mould, 
presenting the trifid cardinal process, LZ2704494. Each scale bar = 5 mm in A–G, K; Each 
scale bar = 10 mm in H–J, L. 
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Plate 13. A–H, Orthothetina frechi (Huang, 1933). A–E, Dorsal valve internal moulds 
showing the brachiophore plates (bp), LZ1600350, LZ1600352, LZ0400122, LZ1200351, 
LZ1200353; F, Ventral valve internal mould showing the dental plates (dp), LZ1200354; G, 
Enlarged rectangular areas in F, showing the pits on the inner surface; H, Dorsal valve 
external mould, LZ1200356. I–W, Orthothetina regularis (Huang, 1933). I, K, M, Dorsal 
valve external moulds, LZ1400321, LZ1400324, LZ0400326; J, L, V, Dorsal valve internal 
moulds showing the brachiophore plates (bp), LZ1200322, LZ1400325, LZ1400355; N, 
Enlarged rectangular areas in Fig. M, showing the concentric fila; O, P, Ventral valve 
external moulds, LZ1400327, LZ1400328; Q, R, T, Ventral valve internal moulds showing 
the dental plates, LZ0400329, LZ0400330, LZ1600331; S, U, Posterior view of ventral 
internal moulds R and T showing the delthyrium; W, Part of posterior view of ventral 
external mould showing the delthyrium and pesudodeltidium, LZ1200629. X–AC, Acosarina 
minuta (Abich, 1878). X–Z, Ventral valve internal moulds showing the dental plates and 
medium septum, LZ1400371, LZ1400373, LZ1400377, LZ1400378; AA, AB, Dorsal valve 
internal moulds showing the brachiophore plates and the two pairs of muscle scars (ms), 
LZ1400375, LZ1400372; AC, Enlarged rectangular areas in Fig. AB, showing the crenulated 
cardinal process in dorsal valve. Each scale bar = 5 mm, except G, N, W and AC. 
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Plate 14. A–D, Acosarina minuta (Abich, 1878); A, D, Ventral valve internal moulds, 
LZ1400378, LZ1200379; B, C, Dorsal valve internal moulds, LZ1400374, LZ1400376. E, 
Orthotichia sp., ventral valve internal mould, LZ1400367; F, G, Araxathyris guizhouensis 
(Liao, 1980a), dorsal valve internal moulds, LZ1000357, LZ1600358; H, I, Peltichia zigzag 
(Huang, 1933); H, Dorsal valve, LZ1600361; I, Lateral view of dorsal valve (H). J–U, 
Prelissorhynchia pseudoutah (Huang, 1933). J, L, N, Dorsal valve internal moulds, 
LZ1400334, LZ2702335, LZ2701333; K, M, Ventral valve internal moulds, LZ1600336, 
LZ2700385; O, P, Internal moulds of conjoined shells, LZ2702679, LZ2702680; Q, R, S, 
Dorsal view, lateral view and anterior view, LZ2702681; T, Enlarged rectangular area in Fig. 
Q, presenting the denticulate hinge; U, Enlarged rectangular area in Fig. O, showing the 
socket (s), inner socket ridge (isr), outer socket ridge (osr), dental plates (dp) and denticulate 
hinge. Each scale bar = 5 mm, except D, H, I, T and U. 
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Plate 15. A–I, Orbicoelia speciosa (Wang, 1955b). A, G, Ventral internal moulds, 
LZ1400444, LZ1400452; B, Dorsal view, presenting the delthyrium (del), interarea (ia), 
crural plates (cp) and medium ridge (mr), LZ2704642; C, Lateral view, LZ2704642; D, 
Ventral view, LZ2704642; E, Dorsal internal mould, LZ0400471; F, Enlarged rectangular 
area in Fig. E, showing the crural plates (cp), sockets (s), inner socket ridges (isr), outer 
socket ridges (osr) and median ridge (mr); H, I, Internal moulds of conjoined shells showing 
the crural plates and median ridge, LZ0400463, LZ0400641. J, K, Orbicoelia comcincta (Xu 
in Yang et al., 1987). J, Internal mould of conjoined shells showing the crural plates, LZ 
1600458; K, Dorsal internal mould showing the crural plates, sockets, inner socket ridges, 
outer socket ridges and median ridge, LZ0400472. L–S, Orbicoelia sp. cf. O. speciosa 
(Wang, 1955b). L, M, Conjoined shells internal mould, ventral view, dorsal internal mould 
showing the delthyrium (del), interarea (ia), crural plates (cp) and medium ridge (mr), 
LZ1400482; N–S, Internal moulds of conjoined shells, LZ0400483, LZ0400454, LZ0400486. 
Scale bar = 5 mm, except F. 
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THE PERMIAN–TRIASSIC BOUNDARY (PTB) mass
extinction is the largest of its kind in Earth’s Phanerozo-
ic history (Sepkoski 1981, Erwin 1994). Numerous
apparently continuous PTB marine sections have been
found in South China, spanning a continuum of deposi-
tional environments from shallow marine to deep-water
settings (Yang et al. 1987, Feng & Gu 2002). Brachio-
pods are among the most diverse and abundant marine
invertebrate fossils found throughout many of these
PTB sections, with 420 species in 143 genera so far
recorded from South China (Chen et al. 2005). It has
been estimated that more than 85% of brachiopod gen-
era and more than 93% of species became extinct dur-
ing the end-Permian mass extinction in South China
based on simple counts of taxa in assemblages either
side of the Permian–Triassic boundary (Yang et al.
1987, Shen & Shi 1996). However, thus far, most of
the published systematic studies on these brachiopod
faunas have focused on materials from near-shore car-
bonate platform successions (Jin & Hu 1978, Liao
1984, Liao & Meng 1986, Shen et al. 1992, Shen &
He 1994, Xu & Grant 1994, Zeng et al. 1995, Chen
and Liao 2007), with only a few publications devoted
to brachiopod faunas from clastic rock successions
(Hou et al. 1979, Liao 1980a, Zhu 1990). Our study is,
therefore, signiﬁcant in that it describes some new,
well-preserved rugosochonetid brachiopods from an
upper offshore PTB section. Several new species are
described and ﬁgured. The new taxa will complement
and expand the limited published palaeontological, pal-
aeoecological and biostratigraphical data pertaining to
the Permian–Triassic marine faunas from the clastic
rock facies in South China and will contribute to a bet-
ter understanding of the end-Permian mass extinction
patterns and processes.
Stratigraphy and age
The Zhongzhai PTB section is located about 1 km
northeast of Zhongzhai Town, Liuzhi County, south-
western Guizhou Province (Fig. 1). The Zhongzhai PTB
section (originally named the Heilaga section by Yao
et al. 1980) spans the upper part of the Longtan Forma-
tion and basal part of the Yelang Formation (Gao et al.
2009). The Yelang Formation conformably overlies the
Longtan Formation. The upper part of the Longtan For-
mation comprises yellowish green silty mudstones and
horizontally bedded argillaceous siltstones, intercalated
with limestone; the basal part of the Yelang Formation
comprises purple mudstone, siltstone and sandstone
(Fig. 2). Generally, these strata have collectively been
interpreted to represent upper offshore marine deposits
(Shen et al. 2011).
Fossils are abundant throughout both formations. In
the past three decades, several palaeontologists have 2013 Association of Australasian Palaeontologists
http://dx.doi.org/10.1080/03115518.2013.738381
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studied these fossils, producing works on brachiopods
(Liao 1980a), bivalves (Yao et al. 1980, Gao et al.
2009), conodonts (Nicoll & Metcalfe 2005, Metcalfe &
Nicoll 2007) and gastropods (He et al. 2008).
The Permian–Triassic boundary index fossil cono-
dont Hindeodus parvus (Kozur & Pjatakova, 1976)
was ﬁrst brieﬂy noted from the Zhongzhai section by
Nicoll & Metcalfe (2005) and later elaborated by
Metcalfe & Nicoll (2007). According to the latter
work, the PTB was interpreted to be at the bottom of
Bed 30. However, this position is clearly in need of
revision based on our new discovery of Hindeodus
parvus in Bed 28 (Fig. 2A, B; Zhang et al. unpub-
lished data). Consequently, the PTB is herein placed
at the base of Bed 28, 18 cm below the PTB posi-
tion previously suggested by Metcalfe & Nicoll
(2007). Also of note is that the Tambanella–Perno-
pecten bivalve assemblage spanning Bed 1 to Bed 27
of the Zhongzhai section has been assigned to the
Changhsingian (Late Permian) by Gao et al. (2009),
a view consistent with our placement of the PTB at
the base of Bed 28. Therefore, in light of both the
conodont and bivalve fossils, the age of the rugosoch-
onetid brachiopod fauna described in this paper is
regarded as Changhsingian (Fig. 2).
Morphological terms
Micro-ornamentation with small tubes along the costel-
lae in Rugosochonetidae Muir-Wood, 1962 was ﬁrst
described by Liao (1980a). These small tubes (Fig. 3)
are radially distributed on the external surface of costel-
lae, and may be rooted in, and originate from, the
tertiary layer of the shell. On average, the tubes are
0.2–0.4 mm long, 0.05 mm across, with a density of 5–
8 per mm2 near the anterior margin.
The taxonomic signiﬁcance of these tubes as a type
of micro-ornamentation in chonetid brachiopods has
been noted but their value varies according to different
workers. Based on this feature, Liao (1980a) introduced
a new species, Neochonetes elegans Liao (1980a, p.
257, pl. 5, Figs 1–3), from the upper Longtan Forma-
tion (Changhsingian) in Guizhou Province, South
China. However, this species has no other notable dif-
ferences to Neochonetes (Huangichonetes) substropho-
menoides (Huang, 1932) except for bearing much
smaller tubes along the costellae as noted by Liao
(1980a). Consequently, in downgrading the taxonomic
signiﬁcance of this micro-ornament, Shen & Archbold
(2002) synonymized N. elegans Liao, 1980a with N.
(Huangichonetes) substrophomenoides (Huang, 1932),
with the latter having priority. The present study also
documents a large amount of exceptionally well-pre-
served material, in which well-preserved small tubes
have been observed across several rugosochonetid gen-
era including Neochonetes Muir-Wood, 1962 and Tethy-
ochonetes Chen, Shi, Shen & Archbold, 2000. It is,
therefore, questionable if this character has any value in
differentiating rugosochonetid genera. This point is
important because such small and delicate micro-orna-
ment may not easily be preserved in the fossil record.
To date, few details are known about the nature of
the hinge spines of Neochonetes Muir-Wood, 1962 and
Tethyochonetes Chen, Shi, Shen & Archbold, 2000,
Fig. 1. Location of the Zhongzhai section, southwestern Guizhou Province, South China.
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except for the general abundance of these spines. The
well-preserved Zhongzhai material suggests that the
hinge spines of both Neochonetes and Tethyochonetes
share a common character in their distribution, that is,
three pairs of unﬂedged spines near the beak, two mid-
dle pairs ﬁrst projecting posteromedially and then
Fig. 2. Stratigraphic column, with indication of the occurrence of Hindeodus parvus Kozur and Pjatakova, 1976 (Permian–Triassic index conodont
fossil) and distribution of rugosochonetid brachiopods at the Zhongzhai section.
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posterolaterally, and two further lateral pairs just pro-
jecting posterolaterally without any curvature (Fig. 4B).
Previously, observations on the distribution of the
hinge spines was mostly obtained from external moulds
(Fig. 4A), which rarely preserve the complete ﬁne
details of these features. Like the micro tubes men-
tioned above, the origin and taxonomic value of the dif-
ferent types of hinge spines have been interpreted
differently. Xu & Grant (1994) deﬁned Fanichonetes as
a new genus, partly on the basis of the presence of
three pairs of unﬂedged spines, which they described as
‘spines mostly inclined toward midline’. On the other
hand, Racheboeuf (2000, p. 405) considered them to be
moulds of the ‘spine canals’ inside the posterior margin;
in other words, these so-called spines were not seen by
Racheboeuf as true external spines. According to Rac-
heboeuf & Garcia (1996), these ‘spine canals’ (or canal
apertures) are quite common among many chonetid
genera (e.g., Dunbar & Condra 1932, Cvancara 1958,
Maxwell 1964, Archbold 1983, Xu & Grant 1994, Rac-
heboeuf et al. 2004, Martínez-Chacón & Winkler 2005)
and may have acted as support space for the hinge
spines at the posterior margin of the valve. Therefore,
differing from other true hinge spines, which extend
into and beyond the external surface of the shell, the
unﬂedged spines do not extend outside, they may
merely have existed either in some ancestral chonetid
genera or may be a feature characterizing the juvenile
stage of some chonetid genera. However, this interpreta-
tion is not entirely consistent with our observation of
the present material from Zhongzhai. In most cases,
these ‘unﬂedged spines’ may be merely internal canals
rather than true spines (Fig. 4). However, we have also
observed that in some other material, the unﬂedged
spines extend externally to form true spines (Figs 5I, 9I,
J, L, 11C, K, N, O).
Systematic palaeontology
The classiﬁcation scheme above genus level is adopted
from Racheboeuf (2000, 2007), and the use of morpho-
logical terms, unless otherwise discussed herein, follows
Williams & Brunton (1997). All the specimens ﬁgured
in this paper are lodged in the Micropaleontology Labo-
ratory, Faculty of Earth Sciences, China University of
Geosciences (Wuhan), China, with preﬁxes LZ for spec-
imens from the Zhongzhai section in Liuzhi County.
Suborder CHONETIDINA Muir-Wood, 1955
Superfamily CHONETOIDEA Bronn, 1862
Family RUGOSOCHONETIDAE Muir-Wood, 1962
Subfamily RUGOSOCHONETINAE Muir-Wood, 1962
Tethyochonetes Chen, Shi, Shen & Archbold, 2000
Type species. Waagenites soochowensis quadrata Zhan
in Hou et al., 1979, pp. 70–71, pl. 4, ﬁgs 16–19.
Lopingian; Lian County, Guangdong Province, South
China.
Remarks. When Chen et al. (2000) proposed Tethyoch-
onetes as a new genus in revising the South China
“Waagenites” species, the key differences between these
Fig. 4. Distribution of hinge spines on ventral interior mould and external mould. Scale bar = 2 mm.
Fig. 3. Distribution of micro-ornamentation (tubes along costellae) on
dorsal external mould. Scale bar = 2 mm.
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genera were that Tethyochonetes has ﬁner costellae, a
less distinct sulcus, a longer ventral median septum, a
shallow alveolus, a stout median septum and lateral
septa in the dorsal valve (Chen et al. 2000).
Tethyochonetes differs from Neochonetes Muir-
Wood, 1962 in the latter having more costellae (>25),
papillae radially arranged and increasing in number and
decreasing in size towards the margin. Furthermore,
Chen et al. (2000) suggested that Neochonetes has
well-developed vascular trunks in the ventral valve
compared with Tethyochonetes. With a very transverse
outline (width:length >3), Fusichonetes Liao (Liao in
Zhao et al. 1981) can be easily distinguished from
Tethyochonetes. Plicochonetes Paeckelmann, 1930 can
be differentiated from Tethyochonetes in possessing
concentric striae and lacking a sulcus.
Waterhouseiella Archbold, 1983 seems to be distin-
guished from Tethyochonetes by possession of more
hinge spines (at least 7–8 pairs) and coarser costellae
(generally about 2 per 1 mm at the anterior margin), as
typiﬁed by its type species Waagenites speciosus Water-
house & Piyasin (1970, p. 112, pl. 17, ﬁgs 9–30; pl.
18, ﬁgs 1–21; pl. 19, ﬁgs 1–8) from the Wordian of
Khao Phrik in southern Thailand. Shen & Archbold
(2002) have also considered that the different numbers
of hinge spines would distinguish Waterhouseiella from
Tethyochonetes. However, it must be noted that the
apparent difference in the number of hinge spines
between these genera could be a preservational artefact.
This suspicion may be illustrated by Neochonetes
sakagamii Yanagida (1971, p. 86, pl. 15, ﬁgs 3–9), a
species that was considered by Archbold (1983) to be a
junior synonym of Waagenites speciosus Waterhouse &
Piyasin, as both came from the same area (Khao Phrik,
southern Thailand) and formation. As noted by Arch-
bold (1983), these species are identical in all known
features with the exception of the hinge spines in that
W. speciosus was said to have 7–8 pairs, compared with
3–4 pairs in N. sakagamii. However, neither of the two
species has been illustrated with well-preserved hinge
spines in their original shell material, despite reported
hinge spine bases in both species. Therefore, it is possi-
ble that the hinge spine bases reported from the internal
moulds of W. speciosus by Waterhouse & Piyasin
(1970) may only represent spine canals. This means that
these spine canals did not project outside the shell,
hence they can not be counted as true spines. On the
other hand, the 3–4 pairs of spines reported from N.
sakagamii were based on observations from external
moulds, which we interpret to represent the number of
true hinge spines for Waterhouseiella.
Tethyochonetes chaoi Chen, Shi, Shen & Archbold,
2000 (Fig. 5A)
1928 Chonetes cf. barusiensis (Davidson); Chao,
pp. 29–31, pl. 1, ﬁg. 18.
1964 Chonetes barusiensis (Davidson); Wang et al., pp.
240, 241, pl. 37, ﬁgs 27, 33.
1974 Waagenites barusiensis (Davidson); Jin et al., p.
311, pl. 164, ﬁg. 8.
1977 Waagenites barusiensis (Davidson); Yang et al., p.
332, pl. 135, ﬁg. 4.
1978 Waagenites barusiensis (Davidson); Feng & Jiang,
p. 244, pl. 88, ﬁg. 6.
1979 Waagenites barusiensis (Davidson); Zhan in Hou
et al., p. 71, pl. 4, ﬁgs 15, 20.
1987 Waagenites barusiensis (Davidson); Xu in Yang
et al., pl. 8, ﬁgs 17, 18, pl. 9, ﬁgs 7, 8, 21.
1989 Waagenites barusiensis (Davidson); Zhan in Li
et al., pl. 25, ﬁg. 9.
non 2000 Tethyochonetes chaoi Chen et al., pars, p. 4,
ﬁg. 4J, K.
Material. One dorsal external mould (LZ2702242).
Description. Shell medium-sized (for the genus), trans-
versely reverse-trapezoid in outline (width:length = 2);
5.1 mm long and 10.0 mm wide, hingeline forming the
greatest width; cardinal extremities acute, with an angle
about 60°; ears large, nearly ﬂat, smooth, well demar-
cated from visceral region. Dorsal valve moderately
concave; fold slightly inﬂated, originating from umbo,
widening and rising anteriorly. Coarse costellae,
rounded, without bifurcation and intercalation, number-
ing about 18 near anterior; very small tubes along
costellae, each tube about 0.3–0.4 mm long and 0.05
mm across, with a density of 4–5 per mm2 near mid-
valve.
Remarks. Chen et al. (2000) deﬁned this species based on
the holotype illustrated by Jin et al. (1974, p. 311, pl.
164, ﬁg. 8) from the Lungtan Formation (Late Permian,
Chongqing City, South China). However, the material
ﬁgured by Chen et al. (2000, p. 4, ﬁg. 4J, K) was not
well preserved and the specimens appear to differ from
the holotype in having a much less transverse outline
(1.25 < width:length < 1.30). Therefore, it is unlikely that
the two specimens illustrated by Chen et al. (2000, p. 4,
ﬁg. 4J, K) belong to Tethyochonetes chaoi.
Tethyochonetes chaoi can be distinguished from T.
soochowensis (Chao, 1928) in having coarser costellae
and a more concave dorsal valve. With a transverse out-
line, smooth ears and simple costellae, T. chaoi resem-
bles Tethyochonetes ﬂatus Shen & Archbold (2002, pp.
342, 343, ﬁg. 6H–N) from the Douling Formation (Late
Permian, Hunan Province, South China). However, the
latter has nearly ﬂat ventral and dorsal valves.
Distribution. Late Permian; South China.
Tethyochonetes longtanensis (Liao, 1984) (Fig. 5B–E)
1984 Waagenites longtanensis Liao, p. 279, pl. 1, ﬁgs 8
and 9.
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2000 Tethyochonetes longtanensis (Liao); Chen et al.,
pp. 12–13, ﬁg. 4L, M.
Material. One dorsal interior (LZ2701231), one ventral
external (LZ2705303), two ventral interior moulds
(LZ2702057, LZ2703230).
Description. Small- to medium-sized shell (for the
genus), subquadrate outline; 3.4–5.6 mm long and 5.4–
8.9 mm wide (Online supporting data: Table 1), maxi-
mum width at hingeline; cardinal extremities nearly
squarely rounded, with an angle about 80°; ears large,
slightly inﬂated, well demarcated from visceral region.
Ventral valve strongly convex but ears ﬂattened; beak
narrow and swollen, distinctly overhanging hingeline;
umbonal region extending anteriorly, forming a nar-
rowly triangular area, with an angle of umbonal region
at about 70° (Fig. 6B); sulcus narrow and deep, begin-
ning from umbo, widening and deepening anteriorly.
Dorsal valve moderately concave except for ears, which
are nearly ﬂat; fold narrow and prominent. Costellae
rounded, originating from umbo, only bifurcating once
at posterior of mid-valve, numbering about 23 at ante-
rior margin; hinge spines not well preserved.
Ventral interior with short median septum, about
one-quarter of shell length; inner surface with radial
papillae, evenly distributed, with a density of 10–12 per
mm2 near anterior. Dorsal interior radially papillate.
Discussion. This species resembles Tethyochonetes
quadrata (Zhan in Hou et al., 1979) in its transversely
quadrate outline and strong convexity, but the latter has
a shallow and wide sulcus, less prominently triangular
umbonal area and more costellae. Tethyochonetes. long-
tanensis is similar to T. wongiania (Chao, 1928) in its
deep and narrow ventral sulcus, inﬂated and narrow
dorsal fold, but the larger angle of the umbonal region
(110°, see Fig. 6A) and more transverse outline (width:
length = 2) readily distinguish the former from T. won-
giania.
Distribution. Changhsingian (Late Permian); South
China.
Tethyochonetes pygmaea (Liao, 1980a) (Fig. 5F, G)
1979 Fusichonetes pigmaea (Liao) (nomen nudum);
Liao, pl. 1, ﬁg. 14.
1980a Plicochonetes pigmaea Liao, p. 257, pl. 4, ﬁgs
4–6.
1980b Fusichonetes pigmaea (Liao) (nomen nudum);
Liao, pl. 1, ﬁgs 5, 6.
1981 Fusichonetes pigmaea (Liao); Liao in Zhao et al.,
pl. 8, ﬁgs 7, 8.
1982 Fusichonetes pigmaea (Liao); Wang et al., p. 200,
pl. 96, ﬁgs 8, 9.
1984 Waagenites pigmaea (Liao); Liao, p. 279, pl. 1,
ﬁg. 7.
1987 Waagenites pigmaea (Liao); Liao, p. 100, pl. 3,
ﬁg. 24.
Remarks. When Liao (1980a) initially proposed this spe-
cies, he primarily deﬁned it on the basis of its unusually
small size, hence naming the species pigmaea. However,
the use of the word ‘pigmaea’ is incorrect as the correct
Latin derivation for small is pygmaea. Therefore, accord-
ing to the International Code of Zoological Nomenclature
(pp. 39, 40, Article 32.5.1; Ride et al. 1999), the correct
name for this species should be pygmaea.
Liao (1979, pl. 1, ﬁg. 14) ﬁgured a single speci-
men as Fusichonetes pigmaea, intended to be a new
genus and species, but he gave no description nor dis-
cussion for the intended new taxa. Therefore, Fusich-
onetes pigmaea Liao, 1979 should be discarded as a
nomen nudum according to the ICZN (p. 17, Article
13.1; Ride et al. 1999). This invalid species was also
Fig. 5. A, Tethyochonetes chaoi Chen, Shi, Shen & Archbold, 2000, external mould of dorsal valve, showing small tubes on dorsal external
surface, LZ2702242. B–E, Tethyochonetes longtanensis (Liao, 1984). B, C, Interior moulds of ventral valve, showing median septum, LZ2702057,
LZ2703230; D, dorsal interior, showing papillae on inner surface, LZ2701231; E, ventral exterior, LZ2705303. F, G, Tethyochonetes pygmaea
(Liao, 1980a). F, interior mould of ventral valve, showing hinge spines and median septum, LZ2704044; G, dorsal interior, showing papillae on
inner surface, LZ2703239. H–N, Tethyochonetes quadrata (Zhan in Hou et al., 1979). H, External mould of dorsal valve, showing small tubes on
dorsal external surface, LZ2706008; I–M, interior moulds of ventral valve, showing hinge spines, papillae on inner surface and median septum,
LZ2704091, LZ2705120, LZ2704302, LZ2706306, LZ2705392; N, ventral interior, showing papillae on inner surface, LZ0400246. O, P,
Tethyochonetes soochowensis (Chao, 1928). O, Dorsal interior, showing papillae on inner surface, LZ2702235; P, interior mould of ventral valve,
LZ2702263. Q–T, Tethyochonetes sp. cf. T. quadrata (Zhan in Hou et al., 1979). Q, S, Conjoined interior moulds of both valves, LZ0400278,
LZ0400281; R, external mould of dorsal valve, showing small tubes on dorsal external surface, LZ0400280; T, interior mould of ventral valve,
showing the hinge spines, LZ0400277. U–Z, Tethyochonetes sheni sp. nov. U, W, Y, Z, External moulds of dorsal valve, showing small tubes,
concentric lamellae and costellae on dorsal external surface, triﬁd cardinal process (cp), LZ2702250 (U), LZ2700271 (for both images W and Z),
LZ2702388 (Y); V, external mould of dorsal valve, showing small tubes on dorsal external surface, LZ2703257; X, enlarged rectangular area in W,
showing triﬁd cardinal process (cp). AA–BB, Tethyochonetes cheni sp. nov. AA–BB, External moulds of dorsal valve, showing small tubes on
dorsal external surface, LZ2706032, LZ2701034. Scale bars = 2 mm.
3
Fig. 6. Angle of umbonal region in T. longtanensis (Liao, 1984) and
T. wongiania (Chao, 1928). Scale bar = 2 mm.
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mentioned by Liao (1980b, pl. 1, ﬁgs 5, 6), although
in the same year in a separate paper Liao
(1980a, p. 257, pl. 4, ﬁgs 4–6) referred to the same
species as Plicochonetes pigmaea Liao. One year later,
Liao (in Zhao et al. 1981, pp. 52, 53) formally
described Fusichonetes as a new genus with Plicoch-
onetes nayongensis Liao (1980a, pp. 256, 257, pl. 4,
ﬁgs 7–6) as its type species. As discussed before, Plic-
ochonetes is easily distinguished from Tethyochonetes
by having concentric striae and lacking a sulcus, and
Fusichonetes differs from Tethyochonetes in its
strongly transverse outline.
Material. One ventral interior mould (LZ2704044) and
one dorsal interior (LZ2703239).
Description. Small shell (for the genus), transversely
reverse-trapezoid in outline; 5.0–5.1 mm long and 9.0–
9.1 mm wide, maximum width at hingeline; cardinal
extremities with an angle of 80–90°; ears small, smooth,
well demarcated from visceral region. Ventral valve
moderately convex; beak swollen, overhanging hinge-
line; sulcus prominent and wide, beginning from umbo,
widening and deepening anteriorly. Dorsal valve gently
concave; fold varying from weak to prominent. Hinge
spines well developed, two middle pairs posteromedial-
ly projecting ﬁrst at 30–60° and then posterolaterally
projecting at 50–70°.
Ventral interior with short median septum, about
one-third of shell length; inner surface radially papillate.
Dorsal interior with radial papillae, evenly distributed,
with a density of 16–20 per mm2 near anterior.
Discussion. This species is close to Tethyochonetes ﬂa-
tus Shen & Archbold (2002, pp. 342, 343, ﬁg. 6H–N)
in its small size and trapezoid outline, but the latter has
nearly ﬂat ventral and dorsal valves. The present species
resembles T. chaoi in its trapezoid outline, but the latter
has more acute cardinal extremities and fewer costellae.
Distribution. Changhsingian (Late Permian); South
China.
Tethyochonetes quadrata (Zhan in Hou et al., 1979)
(Fig. 5H–N)
1979 Waagenites soochowensis quadrata Zhan in Hou
et al., p. 70, pl. 4, ﬁgs 16–19.
2000 Tethyochonetes quadrata (Zhan); Chen et al., pp.
9–10, ﬁg. 4A–D, G.
2002 Tethyochonetes quadrata (Zhan); Shen & Arch-
bold, pp. 339, 341, ﬁg. 6A–E.
Material. One dorsal external mould (LZ2706008), one
ventral interior (LZ0400246) and ﬁve ventral interior
moulds (LZ2704091, LZ2705120, LZ2704302,
LZ2706306, LZ2705392).
Description. Small- to medium-sized shell (for the
genus), slightly transverse to subquadrate in outline;
4.3–7.1 mm in length and 6.9–11.2 mm in width
(Online supporting data: Table 2), hingeline forming the
maximum width; cardinal extremities acute, with an
angle of about 70–80°; ears slightly inﬂated, smooth,
well demarcated from visceral region. Ventral valve
strongly convex; beak swollen, overhanging hinge;
umbonal region extending anteriorly, forming a triangu-
lar area; sulcus shallow and wide, beginning from
umbo, slightly deepening and widening anteriorly. Dor-
sal valve strongly concave; fold slightly inﬂated and
wide. Costellae rounded, only bifurcating once posterior
to mid-valve, numbering about 20–24 at margin; very
small tubes along costellae, each tube about 0.2–0.4
mm long and 0.05 mm across, with a density of 10–15
per mm2 at anterior margin; hinge spines not well pre-
served (Fig. 5I), three pairs of unﬂedged spines near
beak, one middle spine posteromedially projecting ﬁrst
at 40–50° and then posterolaterally projecting at 70°,
one lateral spine just posterolaterally projecting at 60°.
Ventral interior with short median septum, about
one-quarter to one-third of shell length; inner surface
Fig. 7. Size distributions of Tethyochonetes sp. cf. T. quadrata (Zhan
in Hou et al., 1979) and T. quadrata (Zhan in Hou et al., 1979).
Fig. 8. Ratio of length:width of T. sheni sp. nov., T. guizhouensis
(Liao, 1980a) and T. wongiana (Chao, 1928).
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radially papillate, nearly evenly distributed, with a den-
sity of 12–18 per mm2 near anterior.
Discussion. The triangular umbonal region of the pres-
ent species suggests a similarity to T. wongiania (Chao,
1928). However, the latter has a narrow and deep sul-
cus. Tethyochonetes quadrata is also somewhat similar
to T. pygmaea (Liao, 1980a) in its shallow sulcus, but
the latter has a more transverse outline.
Distribution. Changhsingian (Late Permian); South
China.
Tethyochonetes soochowensis (Chao, 1928) (Fig. 5O–P)
1928 Chonetes soochowensis Chao, pp. 31–32, pl. 1,
ﬁgs 14–16.
1932 Chonetes soochowensis Chao; Huang, p. 5, pl. 1,
ﬁgs 8a, 8b.
1962 Chonetes soochowensis Chao; Chi-Thuan, pp.
489–490, pl. 2, ﬁg. 8.
1964 Chonetes soochowensis Chao; Wang et al., pp.
241, 242, pl. 37, ﬁgs 20, 21.
1977 Waagenites soochowensis (Chao); Yang et al.,
p. 332, pl. 135, ﬁg. 22.
1978 Waagenites soochowensis (Chao); Feng & Jiang,
p. 243, pl. 88, ﬁg. 4.
1979 Waagenites soochowensis (Chao); Zhan in Hou
et al., p. 72, pl. 11, ﬁg. 7.
1980a Waagenites soochowensis (Chao); Liao, pl. 5,
ﬁg. 4.
1980b Waagenites soochowensis (Chao); Liao, pl. 1,
ﬁg. 2, pl. 2, ﬁg. 7.
1982 Waagenites soochowensis (Chao); Wang et al.,
pp. 197, 198, pl. 95, ﬁg. 8.
1984 Waagenites soochowensis (Chao); Liao, pl. 1,
ﬁg. 10.
1987 Waagenites soochowensis (Chao); Xu in Yang
et al., pl. 8, ﬁgs 15, 16.
1990 Waagenites soochowensis (Chao); Zhu, pp. 64, 65,
pl. 18, ﬁgs 1, 2.
1995 Waagenites soochowensis (Chao); Zeng et al., pl.
3, ﬁgs. 13, 14.
1998 Waagenites soochowensis (Chao); Shi & Shen,
p. 509, ﬁg. 4.6.
2002 Tethyochonetes soochowensis (Chao); Shen &
Archbold, pp. 338, 339, ﬁg. 5O–R.
Material. One dorsal interior (LZ2702235) and one
ventral interior mould (LZ2702263).
Description. Gross size medium for the genus, trans-
versely reverse trapezoid in outline (width:length = 2);
5.7–5.9 mm long and 11.3–12.1 mm wide, hingeline
forming the greatest width; cardinal extremities acute,
with an angle about 60–80°; ears large, nearly ﬂat, well
demarcated from visceral region. Ventral valve gently to
moderately convex; sulcus wide and shallow. Dorsal
valve gently concave; fold slightly inﬂated and wide,
beginning from umbo, slightly rising and widening
anteriorly. Costellae ﬁne, originating from umbonal
region, only bifurcating once posterior to mid-valve,
numbering about 32 at anterior margin.
Dorsal interior with median septum, arising from
umbo, persisting about half of shell length; inner
surface radially papillate, papillae unevenly distributed,
larger and less common near umbo, with a density of
9–10 per mm2, smaller and densely packed near
anterior, about 18–20 per mm2.
Remarks. Superﬁcially, the specimen (LZ2702235)
appears to possess papillae characteristic of Neochone-
tes Muir-Wood, 1962. The papillae in Neochonetes are
of two types: one characterized by few but relatively
coarse papillae; another with small and dense papillae
restricted to the shell margin. In the studied specimen
(LZ2702235), the papillae appear to be transitional
between these two types in that relatively coarse
papillae are only evident in the umbonal region and
mid-valve; from there to the anterior margin arise
smaller and more densely packed papillae. In our view,
this type of shell surface ornamentation is more
Fig. 9. A–K, Tethyochonetes cheni sp. nov. A, Dorsal interior, showing papillae on dorsal inner surface, LZ2702223; B, K, external moulds of
dorsal mould, showing small tubes on dorsal external mould and quadrivalve cardinal process (cp), LZ2703237, LZ2705312; C, enlarged
rectangular area in B, showing small tubes; D, external mould of dorsal valve, showing small tubes on dorsal external surface and hinge spines,
LZ2706254; E, external mould of dorsal valve, LZ2702260; F, external mould of dorsal valve, showing small tubes on dorsal external surface,
LZ2703266; G, external mould of dorsal valve and a fraction of ventral interior mould, showing small tubes on dorsal external surface and median
septum on ventral interior mould, LZ2704301; H, external mould of dorsal mould, showing small tubes on dorsal external surface and hinge
spines, LZ2703265; I, external mould of dorsal valve, showing small tubes and concentric lamellae on dorsal external surface, quadrivalve cardinal
process (cp) and hinge spines, LZ2702071; J, enlarged rectangular area in I, showing quadrivalve cardinal process (cp); L, Tethyochonetes sp.,
external mould of dorsal valve with a fragment of ventral interior mould, showing small tubes on dorsal external surface and median septum on
ventral interior mould, LZ2705024. M–Z, Neochonetes (Huangichonetes) substrophomenoides (Huang, 1932). M, interior mould of ventral valve,
showing hinge spines, LZ2706264; N, conjoined ventral and dorsal interior moulds, LZ0400113; O, enlarged rectangular area in N, showing
median septum (ms) in ventral valve, median septum (ms), lateral septum (ls) and socket (s) in dorsal valve; P, T, internal moulds of ventral valve,
showing the distribution of hinge spines, LZ2702387, LZ0400128; Q, R, interior moulds of ventral valve, LZ1200102, LZ1400114; S, dorsal
interior, showing papillae, LZ2702224; U, enlarged rectangular area in T, showing the distribution of hinge spines; V, X–Z, internal moulds of
ventral valve, LZ0400111, LZ1400530, LZ1400097, LZ1400368; W, interior mould of dorsal valve and a fraction of ventral external mould,
showing small tubes on dorsal external surface and hinge spines, LZ2703216. AA, Neochonetes (Huangichonetes) archboldi sp. nov. AA, External
mould of dorsal valve, LZ2700001. Scale bars = 2 mm.
3
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characteristic of Tethyochonetes.
Distribution. Late Permian; South China.
Tethyochonetes sp. cf. T. quadrata (Zhan in Hou
et al., 1979) (Fig. 5Q–T)
Material. One ventral interior mould (LZ0400277), one
dorsal external mould (LZ0400280), two conjoined
internal moulds of both valves (LZ0400278,
LZ0400281).
Description. Shell very small, subquadrate in outline;
1.4–2.1 mm long and 2.0–3.1 mm wide (Online support-
ing data: Table 3), hingeline forming the greatest shell
width; cardinal extremities with an angle about 90°; ears
large, triangular, slightly inﬂated, costellate, well demar-
cated from visceral region. Ventral valve gently convex,
more strongly inﬂated in visceral area; beak broad and
swollen, slightly beyond hingeline; sulcus obscure or
absent. Dorsal valve gently concave; fold indistinct or
slightly inﬂated. Surface with simple costellae, number-
ing about 18–20 near margin, interspaces as wide as
costellae; micro-ornamentation with very small tubes
along costellae, each tube about 0.15–0.20 mm long and
0.03 mm across, with a density of 4–6 per 0.25 mm2 at
mid-valve; hinge spines not well preserved, one postero-
laterally projecting at about 45° (Fig. 5T).
Ventral interior with median septum, very short,
about one-ﬁfth of valve length, only present in apical
cavity; inner surface with radial papillae, with a density
of 11–13 per 0.25 mm2 at mid-valve.
Discussion. This Zhongzhai species is characterized by
its very small size, subquadrate outline, gently convex
ventral valve, hill-like inﬂation in the visceral region,
large and costellate ears, obscure to absent sulcus and
very short ventral median septum. It is somewhat simi-
lar to T. pygmaea (Liao, 1980a) in its small size, gentle
convexity and simple costellae, but the latter has a more
transverse outline, smooth ears and moderately deep
sulcus. This species is also similar to Waagenites soo-
chowensis quadrata Zhan in Hou et al. (1979, p. 70, pl.
4, ﬁgs 16–19) from the Shuizhutang Formation (Late
Permian; Guangdong Province, South China). When
Zhan in Hou et al. (1979) proposed this new subspecies
of Waagenites soochowensis, he characterized the sub-
species by: a subquadrate outline, gentle to strong con-
vexity, smooth and slightly convex ears, moderately
deep sulcus, a long median septum (about one-third of
shell length) and having 25 costellae near the anterior
margin. Subsequently, Chen et al. (2000) raised this
subspecies to a species and named it Tethyochonetes
quadrata. In addition, Chen et al. (2000) and Shen &
Archbold (2002) have respectively provided some sup-
plementary features of this species pertaining to intra-
species variations based on materials from other
sections in South China. For example, according to
these authors, the sulcus may vary from being moder-
ately deep, broad and distinct to shallow, narrow and
indistinct; and the number of costellae may range from
20 to 25 near the anterior margin. Despite this intraspe-
ciﬁc variation, the Zhongzhai material still seems to dif-
fer from T. quadrata in its much smaller size (Fig. 7),
costellate ears and very short ventral median septum.
The small size of the Zhongzhai material compares
favourably to the juveniles of T. quadrata, but, these
small Zhongzhai shells have prominent papillae on the
inner surface, and coarse costellae and tubes on the
external surface, suggesting that they are unlikely to be
juvenile specimens. Thus, it is possible that the Zhongz-
hai specimens represent a new species, but the availabil-
ity of only four specimens prevents the full
characterization of this form. Consequently, we provi-
sionally assign these specimens to Tethyochonetes sp.
cf. T. quadrata.
Tethyochonetes sheni sp. nov. (Fig. 5U–Z)
1980a Waagenites wongiana (Chao); Liao, pl. 5, ﬁg. 8.
1982 Waagenites soochowensis (Chao); Wang et al., pp.
197, 198, pl. 95, ﬁg. 7.
Holotype. a dorsal external mould (LZ2700271; Fig. 5Z).
Other material. Three dorsal external moulds
(LZ2702250, LZ2703257, LZ2702388).
Etymology. Named after Professor Shuzhong Shen, bra-
chiopod researcher, Chinese Academy of Sciences, Nan-
jing, China.
Diagnosis. Medium-sized Tethyochonetes with trans-
versely reverse-trapezoidal outline; cardinal extremities
obtuse; ears large, ﬂat; dorsal valve moderately con-
cave, fold prominent and moderately wide; ventral sul-
cus moderately deep and wide; costellae simple.
Description. Tethyochonetes of medium size, trans-
versely reverse-trapezoidal in outline; 4.9–6.0 mm long
and 7.9–10.2 mm wide (Online supporting data: Table 4),
hingeline forming the greatest shell width; cardinal
extremities with an angle about 90°; ears large, nearly
ﬂat, costellate, well demarcated from visceral region.
Ventral valve moderately convex; sulcus moderately
deep and wide, originating from umbo anterior, widening
and deepening anteriorly, about one-third of anterior
margin in shell width. Dorsal valve visceral region mod-
erately concave; beak low and swollen; fold wide, vary-
ing from being ﬂattened to moderately inﬂated,
originating from umbo anterior, widening and rising
anteriorly, constituting about one-third of anterior margin
width. Costellae originating from umbo, coarse (relative
to shell size), simple (i.e., non-bifurcated), rounded in
cross-section, as wide as interspace, rarely intercalated
towards margin, numbering ca 21–24 at margin; ﬁne
concentric lamellae visible only in marginal area; very
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small tubes along costellae, each tube about 0.3–0.4 mm
long, 0.05 mm across and with a density of 4–6 per mm2
at anterior; hinge spines not well preserved.
Dorsal interior with triﬁd cardinal process (Fig. 5U,
W, X, Z), interarea low, triangular.
Discussion. This species is similar to T. ﬂatus Shen &
Archbold (2002, pp. 342, 343, ﬁg. 6H–N) in its trans-
versely reverse trapezoidal outline and ﬂat ears, but dif-
fers in the latter having nearly ﬂat ventral and dorsal
valves and no fold in dorsal valve. The new species is
somewhat similar to T. quadrata (Zhan in Hou et al.,
1979) in its large ears and slightly inﬂated to ﬂattened
fold; but the latter has a strong concave dorsal valve,
acute cardinal extremities and well-demarcated ears. The
present material is also comparable with T. longtanensis
(Liao, 1984) in their gently concave dorsal valve, large
ears and distinct fold; but T. longtanensis has a strongly
convex ventral visceral disc with a narrower and deeper
sulcus. Compared with Tethyochonetes? liaoi Chen, Shi,
Shen & Archbold, 2000, the present species can be distin-
guished by its more concave dorsal valve, well-demar-
cated ears and narrower and deeper sulcus.
Tethyochonetes soochowensis (Chao, 1928) has a more
transverse outline, well-demarcated ears, acute cardinal
extremities and a weak fold, compared with the Zhongz-
hai species.
Tethyochonetes pygmaea (Liao, 1980a) shares gen-
eral features with the present species, but T. sheni has
costellate ears and a well-developed dorsal fold. How-
ever, the single specimen ﬁgured by Liao (1987, pl. 3,
ﬁg. 24) as T. pygmaea appears to be very similar to the
Zhongzhai species, although the ﬁgured specimen is
obscure, preventing detailed comparison of characters.
Tethyochonetes wongiania (Chao, 1928) and Tethyoch-
onetes guizhouensis (Liao, 1980a) can be readily distin-
guished from the present species in having fewer
costellae (16–20 in total for T. wongiania; 16–18 for T.
guizhouensis) and a more transverse outline (width:
length >2; Fig. 8). Additionally, T. wongiania has only
a weakly developed dorsal fold.
Tethyochonetes cheni sp. nov. (Figs 5AA, AB, 9A–K)
Holotype. a dorsal external mould (LZ2703265;
Fig. 9H).
Other material. Nine dorsal external moulds
(LZ2706032, LZ2701034, LZ2702071, LZ2703237,
LZ2706254, LZ2702260, LZ2703266, LZ2704301,
LZ2705312), one dorsal interior (LZ2702223).
Etymology. Named after Professor Zhongqiang Chen,
brachiopod researcher, China University of Geosciences,
China.
Diagnosis. Tethyochonetes with small to medium
reverse trapezoidal or quadrate outline; dorsal valve
gently concave; cardinal extremities quadrate; ears
nearly ﬂat; fold absent.
Description. Gross dimensions small to medium for the
genus, reverse trapezoidal or quadrate outline; 3.9–6.8
mm long and 7.3–10.3 mm wide (Online supporting
data: Table 5), hingeline forming the maximum shell
width; cardinal extremities varying from slightly acute
to quadrate, with an angle about 70–90°; ears smooth,
nearly ﬂat, well demarcated from visceral region. Dorsal
visceral region strongly concave; fold absent. Surface
with coarse costellae, costellae slightly wider than inter-
space at cross-section, numbering about 20–25 at mar-
gin; ﬁne concentric lamellae visible near dorsal margin;
very small tubes along costellae, each tube about 0.3–
0.4 mm long and 0.05 mm wide, with a density of 5–6
per mm2 (Fig. 9C) at anterior; 2–4 pairs of extended
hinge spines, two lateral ones posterolaterally projecting
at 50–60° (Fig. 9D, H).
Ventral interior with triangular and low interarea;
median septum short, thin, extending anteriorly to form
a median ridge; inner surface with radial papillae, with
a density of 15 per mm2 at anterior. Dorsal interior with
quadrilobate cardinal process (Fig. 9B, I–K); inner sur-
face radially papillate.
Discussion. This species is somewhat similar to T. chaoi
Chen, Shi, Shen & Archbold, 2000, T. soochowensis
(Chao, 1928) and T. wongiania (Chao, 1928) in having
an obsolete fold, but it is less transverse and has fewer
concentric lamellae on the dorsal valve. It is also simi-
lar to T. pygmaea (Liao, 1980a) in its reverse trapezoi-
dal outline; however, the latter has a prominent dorsal
fold and no concentric lamellae.
Tethyochonetes sp. (Fig. 9L)
Material. One dorsal external mould with a fragment of
ventral internal mould attached (LZ2705024).
Description. Shell of medium size for the genus, trans-
versely reverse-trapezoid in outline; 5.6 mm long and
9.7 mm wide, greatest shell width at hingeline; cardinal
extremities acute, with an angle about 50–60°, lateral
margins slightly convex; ears small, smooth, well
demarcated from visceral region. Ventral beak low, nar-
row, extending slightly beyond hingeline. Dorsal valve
strongly concave in proﬁle, maximum concavity ante-
rior to mid-valve, geniculated in longitudinal outline;
fold indistinct. Surface with 17–18 costellae, well
rounded at cross-section, only bifurcating once at ante-
rior margin; very small tubes along costellae, each tube
about 0.2–0.35 mm long and 0.05 mm across, with a
density of 6–8 per mm2 at anterior margin; hinge spines
not all preserved, but one clearly prominent, posterome-
dially projecting ﬁrst from hinge line at 50–60° and
then posterolaterally projecting at 30–40°.
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Ventral interior with short median septum extending
anteriorly to form a median ridge for one-third of shell
length; inner surface with papillae, radially arranged.
Discussion. This species is assigned to Tethyochonetes
Chen, Shi, Shen & Archbold, 2000 based on its coarse
costellae (<20). The strong concavity of the dorsal
valve with a geniculation appears to distinguish the
Zhongzhai material from all other known species of
Tethyochonetes.
Neochonetes Muir-Wood, 1962
Type species. Chonetes dominus King, 1938, pp. 259,
260, pl. 36, ﬁgs 1–7. Pennsylvanian, north-central Texas
(USA).
Remarks. Neochonetes was a cosmopolitan genus with
a high species diversity, ranging from the Late Carbon-
iferous to Permian. The deﬁnition of this genus ﬁrst
proposed by Muir-Wood (1962) was partly revised by
Archbold (1981). For instance, the proﬁle was expanded
from plano- or slightly concavo-convex to plano- or
moderately concavo-convex based on additional infor-
mation that was not available to Muir-Wood (1962). In
this paper, we further propose the inclusion of ‘Neoch-
onetes-like papillae’ as a distinctive surface ornamenta-
tion feature characteristic of this genus, deﬁned as a
type of ﬁne surface ribbing, radially arranged, anteriorly
increasing in number and decreasing in size towards
margin (see Fig. 4B). In fact, Muir-Wood (1962, p. 87)
also noted this type of papilla as characteristic of
Neochonetes when she diagnosed the genus as having
‘anterior and lateral margins of both valves with row of
very ﬁne papillae, coarser papillae posteriorly’.
Since this genus was founded, several groups, trea-
ted as subgenera, have been recognized by Archbold
(1981, 1982, 1999) and Shen & Archbold (2002).
Based on the type species, Chonetes prattii Davidson
(1859, p. 116, pl. 4, ﬁgs 9–12), Archbold (1981, 1982)
proposed a subgenus Neochonetes (Sommeriella) for
Neochonetes shells with their greatest width at mid-
valve, obtuse cardinal extremities, and a moderately
narrow and deep sulcus. Further, Archbold (1999)
established subgenus Neochonetes (Nongtaia) to repre-
sent small-shelled Neochonetes with their maximum
width at mid-valve, a relatively narrow and distinct sul-
cus, distinct dorsal fold and coarse ornament increasing
by bifurcation. In the same paper, Archbold (1999) pro-
posed another subgenus, Neochonetes (Zechiella) [type
species Chonetes davidsoni von Schauroth (1856, p. 222,
pl. 11, ﬁgs 1a–b)], based on a distinctive Late Permian
Neochonetes group from the Zechstein Basin (England,
Germany and possibly Armenia) in Europe, characterized
by a thin and small shell, with obsolescent radial capillae,
ﬁne concentric striae and lacking a sulcus.
Two further subgenera of Neochonetes have been
proposed by Shen & Archbold (2002). Neochonetes
(Huangichonetes) Shen & Archbold (2002) [type spe-
cies Chonetes substrophomenoides Huang (1932, pp. 3–
5, pl. 1, ﬁgs 3–7)], is characterized by by strong con-
vexity, acute cardinal extremities, a narrow and deep
sulcus and a short median septum. Neochonetes
(Zhongyingia) Shen & Archbold (2002) [type species
Neochonetes zhongyingensis Liao (1980a, p. 257, pl. 5,
ﬁgs 10–13)], is distinguished by a nearly ﬂat to moder-
ate convexity, acute cardinal extremities, straight or
slightly concave lateral margins, a wide and shallow
sulcus, and a long median septum.
Distribution. Late Carboniferous to Late Permian; cos-
mopolitan.
Neochonetes (Huangichonetes) Shen & Archbold,
2002
Type species. Chonetes substrophomenoides Huang,
1932, pp. 3–5, pl. 1, ﬁgs 3–7. Lopingian, South China.
Neochonetes (Huangichonetes) substrophomenoides
(Huang, 1932) (Fig. 9M–Z)
1932 Chonetes substrophomenoides Huang, pp. 3–5,
pl. 1, ﬁgs 3–7.
1964 Chonetinella substrophomenoides (Huang); Wang
et al., pp. 243, 244, pl. 37, ﬁg. 31.
1977 Neochonetes substrophomenoides (Huang); Yang
et al., p. 331, pl. 135, ﬁg. 20.
1978 Chonetinella substrophomenoides (Huang); Feng
& Jiang, pp. 242, 243, pl. 88, ﬁg. 1.
1979 Neochonetes sublatisinuata Zhan in Hou et al.,
p. 70, pl. 11, ﬁgs 5, 6, 8.
1980a Neochonetes elegans Liao, p. 257, pl. 5, ﬁgs 1–3.
1980a Neochonetes convexa Liao, p. 257, pl. 5, ﬁg. 18.
1982 Neochonetes substrophomenoides (Huang); Wang
et al., p. 200, pl. 96, ﬁgs 10, 11.
1987 Neochonetes substrophomenoides (Huang); Xu in
Yang et al., p. 221, pl. 9, ﬁgs 14–20, 26, 27.
Fig. 10. Ratio of length:width of N. (H.) substrophomenoides (Huang,
1932) and Chonetinella volitanliopsis (Xu in Yang et al., 1987).
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1987 Neochonetes convexa Liao; Xu in Yang et al.,
p. 221, pl. 9, ﬁg. 25; pl. 10, ﬁgs 7, 9.
1989 Neochonetes cf. substrophomenoides (Huang);
Zhan in Li et al., pl, 25, ﬁg. 16.
2002 Neochonetes (Huangichonetes) substrophomeno-
ides (Huang); Shen & Archbold, pp. 337, 338,
ﬁg. 5E–J, L, M.
Material. Nine ventral internal moulds (LZ1400097,
LZ1200102, LZ0400111, LZ1400114, LZ0400128,
LZ2706264, LZ1400368, LZ2702387, LZ1400530), one
dorsal interior (LZ2702224), one conjoined interior
mould of both valves (LZ0400113), an interior mould
of a dorsal valve and a fraction of a ventral external
mould (LZ2703216).
Description. Neochonetes (Huangichonetes) of medium
size, reverse trapezoid to subquadrate outline; 5.3–9.5
mm long, 9.2–14.2 mm wide (Online supporting data:
Table 6), maximum shell width at hingeline; cardinal
extremities with an angle ca 60–70°; ears slightly
inﬂated, well demarcated from visceral region. Ventral
valve strongly convex in proﬁle; beak low, broad and
swollen, slightly extending beyond hingeline; sulcus
moderately deep, originating from umbo anterior, wid-
ening and deepening anteriorly. Dorsal valve moderately
concave; fold narrow and inﬂated. Costellae ﬁne,
rounded, simple or only bifurcating once near margin,
totaling about 35–40 near anterior margin; very small
tubes along costellae, about 0.2–0.3 mm long and 0.05
mm cross, with a density of 7–8 per mm2 at anterior;
four pairs of hinge spines (in addition to three pairs of
unﬂedged hinge spines near beak, see Fig. 4B) project-
ing from middle of hingeline towards cardinal extremi-
ties: the ﬁrst pair projecting initially posteromedially at
an angle of about 50–60° to hinge, then turning and
projecting posterolaterally at about 30–40°; the second
pair initially projecting posteromedially at about 70–
80°, then projecting posterolaterally at the same angle
as ﬁrst one; the third and fourth pairs projecting consis-
tently posterolaterally also at about 40–50° (Fig. 4B).
Ventral interior with median septum; median septum
short, extending anteriorly to form a median ridge,
about one-quarter to one-third of shell length; inner sur-
face with papillae, radially arranged, increasing in num-
ber but distinctly decreasing in size towards margin,
with a density of 13–14 per mm2 at mid-valve and 32–
36 per mm2 at anterior; vascular trunks prominent, orig-
inating from apical cavity anterior, extending anteriorly
nearly parallel to median septum. Dorsal interior with
deep sockets, parallel to hingeline; outer socket ridges
feeble, inner socket ridges prominent, divergent laterally
at an angle about 150°; two lateral septa, both short and
weak, divergent anteriorly at an angle of about 40–50°.
Discussion. This species is very close to Neochonetes
(Huangichonetes) inﬂatus Shen, Shi & Fang (2002, p.
671, ﬁg. 3.1–3.9) in general outline, convexity and ven-
tral median septum, but differs in that the latter has its
maximum width usually positioned anterior of the hin-
geline, and its inner socket ridges diverge anteriorly at
about 90°. The present species is similar to Neochonetes
(Zhongyingia) zhongyingensis Liao, 1980a in its large
size and transversely reverse trapezoidal outline, but the
latter can be distinguished by having a low to moderate
convexity, almost straight or slightly concave lateral
margins and a shallow sulcus.
When Shen & Archbold (2002) proposed Neochone-
tes (Huangichonetes) as a new subgenus with Neochone-
tes (Huangichonetes) substrophomenoides (Huang, 1932)
as the type species, they also synonymized several spe-
cies previously attributed to different genera (see the syn-
onymy list given by Shen & Archbold 2002). We agree
with most of these re-assignments, but Neochonetes volit-
anliopsis Xu in Yang et al. (1987, p. 222, pl. 10, ﬁg. 1),
which was renamed as Chonetinella volitanliopsis by Xu
& Grant (1994, p. 28, ﬁg. 15.1–15.3, 15.5, 15.7), typi-
cally has aliform ears and a very transverse outline
(width:length >2; Fig. 10), suggesting that it may repre-
sent a separate species. Moreover, the specimen ﬁgured
as Neochonetes (Huangichonetes) substrophomenoides
by Shen & Archbold (2002, pp. 337, 338, ﬁg. 5K) should
Fig. 11. A–O, Neochonetes (Huangichonetes) archboldi sp. nov. A, B, Interior moulds of ventral valve, LZ2705005, LZ2704059; C, external
mould of dorsal valve, showing small tubes and hinge spines, LZ2702061; D, external mould of dorsal valve and a fraction of ventral interior
mould, showing the distribution of hinge spines, LZ2703072; E, external mould of dorsal valve, showing small tubes on dorsal external surface
and bilobed cardinal process, LZ2702090; F, external mould of dorsal valve, showing small tubes on dorsal external surface, LZ2704108; G,
external mould of dorsal valve and a fraction of ventral valve interior, showing median septum in ventral interior, LZ2705137; H, Enlarged
rectangular area in G, showing the ring-shaped zone; I, External mould of dorsal valve, showing small tubes on dorsal external surface,
LZ2705142; J, K, External moulds of dorsal valve, showing small tubes and concentric lamellae on dorsal external surface, LZ2705143,
LZ2703148; L, dorsal interior, showing papillae on dorsal inner surface, LZ2705150; M, external mould of dorsal valve and a fraction of ventral
valve interior, showing small tubes on dorsal external surface, LZ2702289; N, external mould of dorsal valve and a fraction of ventral interior
valve, showing small tubes on dorsal external surface and the distribution of hinge spines, LZ2706219; O, enlarged rectangular area in N, showing
the distribution of hinge spines. P, Q, Neochonetes (Huangichonetes) sp., interior moulds of ventral valve, LZ1400109, LZ0600131. R–W,
Neochonetes (Sommeriella) strophomenoides (Waagen, 1884). R–T, External moulds of dorsal valve, showing small tubes on dorsal exterior and
quadrilobate cardinal process, LZ1200084, LZ0400104, LZ0400105; U, external mould of ventral valve, showing small tubes on ventral exterior,
LZ1200126; V, interior mould of dorsal valve, showing median septum and lateral septa, LZ1200133; W, enlarged rectangular area in V, showing
socket (s), lateral septa (ls) and median septum (ms) in dorsal interior mould. X, Y, Neochonetes (Sommeriella) regularis Shen, Archbold, Shi &
Chen, 2000, X, Y, interior moulds of ventral valve, LZ0400096, LZ2705145. Z, AA, Neochonetes (Huangichonetes) geniculatus Campi and Shi,
2005, conjoined interior mould of both valves, LZ0400118. Scale bars = 2 mm.
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also be reassigned to Chonetinella volitanliopsis (Xu in
Yang et al., 1987) in view of its aliform ears.
Distribution. Late Permian; South China.
Neochonetes (Huangichonetes) archboldi sp. nov.
(Figs 9, 11A–O)
Types. Holotype, a dorsal external mould with a frag-
ment of ventral interior mould attached (LZ2706219;
Fig. 11N); paratype, a dorsal external mould with a
fraction of ventral interior mould attached (LZ2703072;
Fig. 11D).
Other material. Seven dorsal external moulds
(LZ2700001, LZ2702061, LZ2702090, LZ2704108,
LZ2705142, LZ2705143, LZ2703148), two dorsal
external moulds with portions of a ventral interior
mould attached (LZ2705137, LZ2702289), two ventral
interior moulds (LZ2705005, LZ2704059), one dorsal
interior (LZ2705150).
Etymology. Named after the late Professor Neil Wilfred
Archbold, in tribute to his important contributions to
the study of Brachiopoda.
Diagnosis. Medium-sized Neochonetes (Huangichone-
tes) with reverse trapezoidal outline; dorsal fold narrow,
gently to moderately inﬂated; ears demarcated gradually
from visceral region; anterior margin with dense con-
centric lamellae leading to the formation of a ring-
shaped zone.
Description. Neochonetes (Huangichonetes) of medium
size with reverse trapezoidal outline; 5.5–7.4 mm long
and 8.4–11.2 mm wide (Online supporting data:
Table 7), maximum width at hingeline; cardinal
extremities terminated at angle about 70–80°; ears
small, slightly inﬂated, gradually demarcated from vis-
ceral region. Ventral valve strongly convex; beak broad
and swollen, extending slightly beyond hingeline; sul-
cus shallow and moderately wide, originating from
umbonal region, widening and slightly deepening ante-
riorly. Dorsal valve strongly concave in visceral disc;
fold narrow and gently or moderately inﬂated; ﬁne
concentric lamellae developed on anterior margin to
form a ring-shaped zone (Fig. 11H). Costellae coarse,
cross-section as wide as interspace, increasing by
bifurcation anteriorly, numbering about 20–30 near
anterior margin; very small tubes along costellae, each
tube about 0.2–0.3 mm long and 0.05 mm across, with
a density of 5–7 per mm2 at anterior; three pairs of
unﬂedged spines near beak; in addition, at least two
other lateral pairs of hinge spines also evident, the ﬁrst
pair of which project posteromedially at 30–40° ﬁrst
and then posterolaterally at 60°, followed by the sec-
ond pair that project posteromedially at 70–80° and
then posterolaterally at 70° (Fig. 11O).
Ventral interior with quite narrow median septum,
extending about one-third of shell length; radial papillae
strong and rare in visceral region, densely packed and
smaller in marginal area, with a density of 10–11 per
mm2 at mid-valve and 26–32 per mm2 at anterior. Dor-
sal interior with biﬁd cardinal process (Fig. 11E, J);
interarea low and triangular; inner surface radially papil-
late.
Discussion. This species is assigned to Neochonetes
(Huangichonetes) Shen & Archbold, 2002 based on the
presence of Neochonetes-like papillae, strong convexity
and the hingeline forming the greatest width. This spe-
cies is similar to N. (Huangichonetes) substrophomeno-
ides (Huang, 1932) in outline, convexity and fold, but
the former has a relatively less inﬂated ring-shaped mar-
ginal zone formed by concentric lamellae, ears weakly
demarcated from visceral region and fewer costellae.
The Zhongzhai species can also be compared with
Neochonetes (Huangichonetes) cursothornia Xu &
Grant (1994, p. 28, ﬁg. 15.4, 15.6, 15.8–15.16) in out-
line, concavity and fold; but the latter has 3–4 pairs of
hinge spines directly projecting posterolaterally, a mod-
erately deep sulcus, more costellae and lacks a ring-
shaped marginal zone formed by concentric lamellae.
Neochonetes (Huangichonetes) sp. (Fig. 11P, Q)
1987 Neochonetes substrophomenoides (Huang); Xu in
Yang et al., p. 221, pl. 9, ﬁgs 22–24.
Material. Two ventral internal moulds (LZ1400109,
LZ0600131).
Description. Large Neochonetes (Huangichonetes)
with reverse trapezoidal outline; 7.1–8.3 mm long and
Fig. 12. A, B, Neochonetes (Sommeriella) sp., interior moulds of ventral valve, LZ0400099, LZ1400370. C–L, Neochonetes (Sommeriella)
waterhousei sp. nov. C–H, Interior moulds of ventral valve, LZ1200073, LZ1200074, LZ1200075, LZ1200076, LZ1200078, LZ1200080; I, J,
interior moulds of ventral valve, showing the distribution of hinge spines, LZ0400100, LZ1200132; K, enlarged rectangular area in J, showing the
distribution of hinge spines; L, interior mould of ventral valve, LZ0400123. M–V, Neochonetes (Sommeriella) rectangularis sp. nov. M–O, Interior
moulds of ventral valve, LZ2705016, LZ1400033, LZ2705020; P–S, U, interior moulds of ventral valve, LZ2705042, LZ2703043, LZ2702049,
LZ2705064, LZ2702382; T, V, interior moulds of ventral valve, showing the distribution of hinge spines, LZ2706146, LZ2703299. W–AA,
Neochonetes (Zhongyingia) zhongyingensis Liao, 1980a. W, interior mould of ventral valve, showing hinge spines, LZ0400124; X, interior mould
of conjoined shells, showing median septum in ventral valve, median septum and lateral septa in dorsal valve, LZ0400110; Y, external mould of
dorsal valve, showing small tubes and quadrilobate cardinal process, LZ0400127; Z, AA, external moulds of dorsal valve, showing small tubes
and hinge spines, LZ1200082, LZ0400085. AB, Neochonetes semicircularis sp. nov., external mould of ventral valve, showing small tubes on
ventral external surface, LZ2702539. Scale bars = 2 mm.
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13.6–16.5 mm wide, width nearly twice its length, hin-
geline forming the maximum shell width; cardinal
extremities acute, with an angle of 70–80°; ears large,
acute, slightly inﬂated, visibly demarcated from visceral
region. Ventral valve moderately convex in proﬁle; beak
low, broad and swollen, projecting slightly beyond hin-
geline; sulcus moderately deep, beginning from umbo,
slightly deepening and widening anteriorly. Surface with
costellae, only bifurcating once near margin, numbering
about 40 near margin.
Ventral valve with short median septum, about one-
quarter to one-third of valve length; radial papillae
prominent, increasing in number and decreasing in size
towards margin, with a density of 4–6 per mm2 at mid-
valve and 15–17 per mm2 at anterior margin.
Discussion. This species is similar to N. (Huangichone-
tes) substrophomenoides (Huang, 1932) in its dense
costellae, moderately deep sulcus and short median sep-
tum in the ventral interior, but the latter species is smal-
ler and less transverse. The Zhongzhai species is similar
to N. (Zhongyingia) zhongyingensis Liao, 1980a in its
large ears, but the latter species is less transverse, has a
shallow sulcus and a relatively long median septum in
the ventral interior.
Neochonetes (Huangichonetes) geniculatus Campi &
Shi, 2005 (Fig. 11Z, AA)
2005 Neochonetes (Huangichonetes) geniculatus Campi
& Shi, pp. 280, 282, ﬁg. 4A, G, I–O.
Comments. Campi & Shi (2005) deﬁned Neochonetes
(Huangichonetes) geniculatus based on one external
mould of a ventral valve, one corresponding internal
mould of a ventral valve and one fragmentary ventral
valve from South China, without description of dorsal
material. We agree with the deﬁnition of this species
and here add a description of its dorsal valve.
Material. One conjoined shell of both valves
(LZ0400118).
Description. Neochonetes with a small shell of trans-
verse reverse trapezoid outline; 6.9 mm long and 12.1
mm wide, shell maximum width seemingly at hingeline;
cardinal extremities acute, with an angle about 60–70°;
ears very small, ﬂat and triangular, weakly demarcated
from visceral region. Ventral valve strongly convex,
maximum convexity anterior to mid-valve, geniculation
in longitudinal outline; beak low, narrow and swollen,
slightly beyond hingeline; sulcus shallow or indistinct.
Dorsal valve strongly concave, fold broad and slightly
inﬂated or indistinct. There are 25–30 costellae on shell
surface, costellae narrower than interspace, in a few
cases bifurcating once at anterior margin.
Ventral interior with very short median septum, only
present in apical cavity; inner surface with papillae,
radially arranged, increasing in number and decreasing
in size towards margin; vascular trunks parallel to med-
ian septum. Dorsal interior with deep sockets, extending
anteriorly for 1 mm, divergent laterally at 150°, with
prominent inner socket ridges and feeble, short outer
socket ridges; two lateral septa very short, each about 1
mm long, divergent anteriorly at about 40–50°; median
septum long, arising from anterior of cardinal process,
about half of valve length; inner surface with radially
arranged papillae, increasing in number and decreasing
in size towards anterior margin, with a density of 8–10
per mm2 at mid-valve and 40–45 per mm2 at anterior.
Discussion. When Campi & Shi (2005) deﬁned this
species, they described the hinge spines as: ‘hinge
spines not preserved but spine canals present, pointing
towards umbo’. Based on the materials in this study,
there are only spine bases preserved, but they still
reveal a similar distribution pattern to that described in
N. (Huangichonetes) substrophomenoides (Huang,
1932). This species can be easily differentiated from N.
(Huangichonetes) substrophomenoides (Huang, 1932)
and N. (Huangichonetes) cursothornia (Xu & Grant,
1994), as the latter two have larger ears and no genicu-
lation. The Zhongzhai species is similar to Neochonetes
(Huangichonetes) inﬂatus Shen, Shi & Fang, 2002 in
its dense costellae, small ears and moderately deep sul-
cus, but the latter has obtuse cardinal extremities and
no geniculation, and its maximum width at maturity is
usually placed anterior of the hingeline.
Distribution. Late Permian; Chuanmu section, Chongq-
ing City; Zhongzhai section, Guizhou Province, South
China.
Neochonetes (Sommeriella) Archbold, 1982
Type species. Chonetes prattii Davidson, 1859, pl. 4,
ﬁgs 9–12. Sakmarian; Western Australia.
Neochonetes (Sommeriella) strophomenoides (Waa-
gen, 1884) (Fig. 11R–W)
1884 Chonetes strophomenoides Waagen, p. 628, pl. 58,
ﬁg. 10a–f.
1911 Chonetes strophomenoides Waagen; Frech, p. 164,
pl. 23, ﬁg. 5a, b.
1980a Neochonetes convexa Liao, p. 257, pl. 5,
ﬁgs 19–22.
1982 Neochonetes convexa Liao; Wang et al., p. 200,
pl. 95, ﬁg. 13.
1987 Neochonetes convexa Liao; Xu in Yang et al.,
p. 221, pl. 9, ﬁg. 13; pl. 10, ﬁgs 4–6, 8, 10.
2002 Neochonetes (Sommeriella) strophomenoides (Waa-
gen); Shen & Archbold, pp. 334, 335, ﬁg. 5A, C, D.
Material. One ventral external mould (LZ1200126),
one dorsal interior mould (LZ1200133) and three
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dorsal external moulds (LZ1200084, LZ0400104,
LZ0400105).
Description. Shell of small size for the subgenus, quad-
rate in outline; 7.7–8.9 mm long and 11.3–13.4 mm wide
(Online supporting data: Table 8), maximum width pos-
terior to mid-valve, hingeline slightly narrower than the
maximum width; cardinal extremities with an angle about
90°; ears large, slightly inﬂated, well demarcated from
visceral region. Ventral valve moderately to strongly con-
vex; beak broad; median sulcus moderately deep. Dorsal
valve moderately to strongly concave; fold gently
inﬂated, originating from umbonal area, widening and
rising anteriorly, about one-third of shell anterior width.
Costellae ﬁne, increasing by intercalation, numbering
about 35 near anterior margin; very small tubes along
costellae, each tube about 0.2–0.4 mm long and 0.05 mm
across, with a density of 6–9 per mm2 at anterior.
Dorsal valve with quadrilobate cardinal process;
sockets deep; inner socket ridges about 1.5 mm, diver-
gent at an angle about 150°; two lateral septa low and
short, about 1 mm long, divergent at 30–40°; median sep-
tum beginning from anterior of cardinal process, promi-
nent at mid-valve, about two-thirds of shell length; inner
surface with radial papillae, larger and rare in visceral
region and ears, and then becoming smaller and densely
packed at marginal region, with a density of 12–15 per
mm2 at mid-valve and 24–30 per mm2 at anterior.
Discussion. In having fewer costellae, this species can
be easily distinguished from the Western Australian spe-
cies Neochonetes (Sommeria) pratti (Davidson, 1859)
(4–5 per mm near anterior), Neochonetes (Sommeria)
tenuicapillatus Archbold (1981, pp. 122, 125, ﬁg. 9;
6–7 per mm near anterior) and Neochonetes (Sommeria)
afanasyevae Archbold (1981, pp. 125, 126, ﬁg. 10; 4–5
per mm near anterior). Neochonetes (Sommeria) robu-
stus Archbold (1981, pp. 119, 121, 122, ﬁg. 7), Neoch-
onetes hockingi Archbold (1991, pp. 58, 60, ﬁg. 2A–R)
and Neochonetes (Sommeriella) magnus Archbold
(1997, pp. 204, 206, ﬁg. 2A–M) differs from N. (Som-
meriella) strophomenoides in that the former three spe-
cies have an obscure or weak sulcus. Neochonetes
(Sommeriella) cockbaini Archbold (1993b, pp. 189,
191, ﬁg. 1A–L) has a much deeper sulcus compared
with the present species.
Distribution. Permian? South China, Tibet, Salt Range
(Pakistan).
Neochonetes (Sommeriella) regularis Shen, Archbold,
Shi & Chen, 2000 (Fig. 11X, Y)
2000 Neochonetes (Sommeriella) regularis Shen, Arch-
bold, Shi & Chen, pp. 734–735, ﬁg. 6.4–6.13.
Material. Two ventral interior moulds (LZ0400096,
LZ2705145).
Description. Shell of medium size for the genus with a
subrectangular outline; 8.2–9.4 mm long and 13.2–14.6
mm wide, maximum width at mid-valve, hingeline
slightly narrower than the maximum width; cardinal
extremities obtuse, lateral margins rounded, anterior
side almost straight; ears relatively small, slightly
inﬂated, well demarcated from visceral region. Ventral
valve strongly convex; beak swollen; sulcus wide and
moderately deep, beginning from umbonal region, wid-
ening and deepening anteriorly, about one-third of shell
anterior width. Costellae rounded, originating from
umbo, only bifurcating once at mid-valve, numbering
about 5–6 in 2 mm at anterior.
Discussion. Neochonetes (Sommeriella) regularis and
N. (Sommeriella) strophomenoides share characters such
as the maximum width posterior to the mid-valve, a
moderately deep sulcus and a similar number of costel-
lae, but, the latter possesses a subrectangular outline
and regularly rounded lateral margins.
Distribution. Middle to Late Permian; Tibet and South
China.
Neochonetes (Sommeriella) waterhousei sp. nov.
(Fig. 12C–L)
Types. Holotype, a ventral interior mould (LZ1400078;
Fig. 12G); paratype, a ventral interior mould (LZ120
0074; Fig. 12D).
Other material. Seven ventral interior moulds
(LZ1200073, LZ1200075, LZ1200076, LZ1200080,
LZ0400100, LZ0400123, LZ1200132).
Etymology. Named after Dr John Bruce Waterhouse, in
tribute to his important contributions to the study of the
Brachiopoda.
Diagnosis. Shell of medium size for Neochonetes (Som-
meriella) with subquadrate outline; slightly or gently
convex; hingeline width less or equal to maximum
Fig. 13. Ratio of length:width of N. (S.) rectangularis sp. nov. and N.
(S.) regularis Shen, Archbold, Shi & Chen, 2000.
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width; ears large; sulcus absent or indistinct; costellae
weak; median septum short, extending anteriorly to
form median ridge.
Description. Medium-sized subquadrate shell; 5.1–8.9
mm long and 8.0–14.6 mm wide (Online supporting data:
Table 9), maximum width just posterior to mid-valve,
hingeline narrower or equal to maximum width; cardinal
extremities obtuse, somewhat rounded, with an angle of
90°; ears large, poorly demarcated from visceral region.
Ventral valve slightly or gently convex; beak low, broad,
slightly beyond hingeline; sulcus absent or indistinct.
Costellae weak; 3–4 pairs of hinge spines (in addition to
three pairs of unﬂedged spines near beak), the ﬁrst mid-
dle pair posteromedially projecting at 30–40° initially
and then posterolaterally projecting at 60°, the second
middle pair posteromedially projecting at 70–80° initially
and then posterolaterally projecting at 80°, two lateral
pairs just posterolaterally projecting at 60–70°.
Ventral interior (Fig. 12C–L) with short median sep-
tum, extending anteriorly to form a thick median ridge;
inner surface with radial papillae, larger and rare in vis-
ceral region and ears, and then becoming smaller and
densely packed in marginal region, with a density of 6–
8 per mm2 at mid-valve and 20–25 per mm2 at anterior.
Dorsal interior with deep, bladed sockets; inner socket
ridges deep and prominent; outer socket ridges narrow,
parallel with hingeline.
Discussion. This species is assigned to Neochonetes
(Sommeriella) Archbold, 1982 based on a subquadrate
outline, its maximum width posterior to the mid-valve
and lack of a deep and narrow sulcus in the ventral
valve. In view of its low convexity and extremely weak
costellae, this species resembles Kitakamichonetes mul-
ticapillatus Afanasjeva & Tazawa (2007, pp. 425, 427,
428, pl. 2, ﬁgs 1–12) from the Middle Permian (Wor-
dian–Capitanian, Kanokura Formation) of the southern
Kitakami Mountains (northeast Japan), but the latter has
a much larger size (45–50 mm in width), much ﬁner
costellae (>200 costellae) and a much longer ventral
median septum (about two-thirds of the valve length).
In terms of its slightly or gently convex ventral valve,
nearly smooth external surface and long median septum
(ridge), the Zhongzhai species is similar to Tivertonia
yarrolensis (Maxwell, 1964) (Archbold, 1983, pp. 71,
73, ﬁg. 2A–P), but the latter has even papillae on the
inner surface. This species shares some features with
Neochonetes (Huangichonetes) inﬂatus Shen, Shi &
Fang, 2002, such as the hingeline being slightly nar-
rower than the greatest shell width, ﬂat ears and a med-
ian septum extending into a median ridge anteriorly;
however, the latter has a strong convexity, a prominent
sulcus and ﬁne costellae. The Zhongzhai species is also
close to Neochonetes guiyangensis Feng & Jiang (1978,
p. 243, pl. 88, ﬁgs 2 and 3) in its low convexity, indis-
tinct ventral sulcus and weak costellae, but different in
that the latter has much more costellae. Neochonetes
(Sommeriella) strophomenoides (Waagen, 1884) resem-
bles the Zhongzhai species in outline and obtuse cardi-
nal extremities, but the latter has a very low convexity
and lacks a sulcus, its costellae are weak, and its med-
ian septum extends anteriorly to form a median ridge.
Neochonetes (Sommeriella) regularis Shen, Archbold,
Shi & Chen, 2000, when compared with the Zhongzhai
material, is uniquely characterized by having a subrect-
angular outline, more convex proﬁle, a prominent sul-
cus and ﬁner costellae. Both Neochonetes (Sommeriella)
magnus Archbold, 1997 and Neochonetes (Sommeriella)
nalbiaensis Archbold (1993a, pp. 6, 8; ﬁg. 4A–N)
approach the new species in their subquadrate outline,
gently convex ventral valve and indistinct sulcus, but
these two Western Australian species have a much lar-
ger size and a very long ventral median septum extend-
ing more than half the shell length. Another Western
Australian species, Neochonetes (Sommeriella) hard-
mani Archbold (1993a, pp. 8, 10, ﬁg. 5A–O) is also
readily distinguished from the Zhongzhai species by its
large size, depressed and well-demarcated posterior lat-
eral margins, a prominent sulcus and a longer and rela-
tively high median septum.
Neochonetes (Sommeriella) rectangularis sp. nov.
(Fig. 12M–V)
1982 Neochonetes convexa Liao; Wang et al., p. 200, p-
l. 95, ﬁg. 12.
1987 Neochonetes convexa Liao; Xu in Yang et al., p.
221, pl. 9, ﬁg. 28.
Types. Holotype, a ventral interior mould (LZ2705020;
Fig. 12O).
Other material. Nine ventral interior moulds
(LZ2705016, LZ1400033, LZ2705042, LZ2703043,
LZ2702049, LZ2705064, LZ2706146, LZ2703299,
LZ2702382).
Etymology. For its rectangular outline.
Diagnosis. Shell small for Neochonetes (Sommeriella)
with transversely subrectangular outline, ventral valve
strongly convex; cardinal extremities obtusely quadrate,
lateral margins nearly straight; sulcus ill-deﬁned or
absent; median septum extending anteriorly to form a
median ridge, about one-third of shell length.
Description. Small shell in subgenus, transversely sub-
rectangular in outline; 5.6–7.0 mm long and 9.1–11.2
mm wide (Online supporting data: Table 10), greatest
width at hingeline, which is slightly wider than the
width of mid-valve; cardinal extremities obtusely quad-
rate, with an angle of 80–90°, lateral margin and ante-
rior margin nearly straight; ears small, slightly inﬂated,
poorly demarcated from visceral region. Ventral valve
strongly convex, middle visceral region swollen; beak
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broad, swollen and slightly beyond hingeline; sulcus
obscure or absent. Surface with ﬁne costellae, simple;
3–4 pairs of hinge spines, two middle pairs projecting
posteromedially ﬁrst at 50–60° and then turned postero-
laterally at ca 30–40°, two lateral pairs projecting pos-
terolaterally at ca 70°.
Ventral interior with median septum, extending ante-
riorly to form a median ridge, about one-third of shell
length; inner surface with radial papillae, larger and rare
in visceral region and ears, and then becoming smaller
and densely packed at marginal region, with a density
of 12–14 per mm2 at mid-valve and 30–35 per mm2 at
anterior. Dorsal valve unknown.
Discussion. This species is assigned to Neochonetes
(Sommeriella) Archbold, 1982 in view of its hingeline
being slightly wider than the mid-valve width, having an
obscure sulcus in the ventral valve and Neochonetes-like
papillae. This species is very similar to N. (Sommeriella)
regularis Shen, Archbold, Shi & Chen, 2000 in its sub-
rectangular outline, strong convexity, nearly straight
anterior margins and ﬁne costellae, but the latter is much
larger, has a less transverse outline (Fig. 13), regularly
rounded lateral margins, a pronounced sulcus and a very
short median septum restricted to the apical cavity area.
This species approaches Neochonetes (Sommeriella)
hockingi Archbold, 1991 in many general aspects, but
the Western Australian species has its maximum width
just anterior to its shell mid-length, regularly rounded
lateral margins and a slightly longer median septum.
The subrectangular outline and obscure sulcus can easily
distinguish the Zhongzhai species from N. (Sommeriella)
strophomenoides (Waagen, 1884).
The present species differs from Neochonetes (Som-
meriella) waterhousei sp. nov. because of its trans-
versely subrectangular outline and strong inﬂation
(especially the swollen visceral region).
Distribution. Late Permian; South China.
Neochonetes (Sommeriella) sp. (Fig. 12A, B)
Material. Two ventral interior moulds (LZ0400099,
LZ1400370).
Description. Shell small for the subgenus, subquadrate in
outline; 8.4 mm long and 11.8 mm wide, hingeline
slightly narrower than maximum width at mid-valve; car-
dinal extremities obtuse or quadrate, with an angle of
90°; ears large, slightly inﬂated, demarcated from visceral
region. Ventral valve moderately convex; beak low,
broad, slightly beyond hingeline; sulcus shallow and
broad, originating from anterior of umbo, slightly widen-
ing anteriorly.
Ventral interior with a short median septum,
extending anteriorly to form a median ridge, about
one-quarter to one-third of shell length; inner surface
with papillae, more or less concentrically arranged,
larger and sparse in visceral region and ears, and then
becoming smaller and densely packed near margin,
with a density of 6–7 per mm2 at mid-valve and 18–
20 per mm2 at anterior.
Discussion. This species is assigned to Neochonetes
(Sommeriella) Archbold, 1982 based on its hingeline
being slightly narrower than the maximum width, and
having a shallow and broad sulcus in the ventral valve.
It is very similar to Tivertonia yarrolensis (Maxwell,
1964) (Archbold, 1983, pp. 71, 73, ﬁg. 2A–P) in its
gentle convexity and the number and distribution of the
hinge spines, but the latter has evenly and densely
arranged papillae on the inner surface and a long med-
ian septum extending anteriorly to form a median ridge
for about three-quarters of the shell length. The present
species differs from others of Neochonetes (Sommeriel-
la) in its roughly concentric arrangement of papillae.
Neochonetes (Zhongyingia) Shen & Archbold, 2002
Type species. Neochonetes zhongyingensis Liao, 1980a,
p. 257, pl. 5, ﬁgs 10–13. Changhsingian (Late Perm-
ian), South China.
Neochonetes (Zhongyingia) zhongyingensis Liao,
1980a (Fig. 12W–AA)
1980a Neochonetes zhongyingensis Liao, p. 257, pl. 5,
ﬁgs 10–13.
2002 Neochonetes (Zhongyingia) zhongyingensis Liao;
Shen & Archbold, pp. 333, 334, ﬁg. 4A–Q.
Material. One ventral interior mould (LZ0400124), one
conjoined interior mould of both valves (LZ0400110)
and three dorsal external moulds (LZ1200082,
LZ0400085, LZ0400127).
Description. Shell of medium size for the subgenus,
reverse trapezoidal outline; 5.6–7.9 mm long and 9.9–
14.7 mm wide (Online supporting data: Table 11), hinge-
line forming the greatest width; cardinal extremities
acute, with an angle of 60–80°; ears large, nearly ﬂat,
well demarcated from visceral region. Ventral valve
gently to moderately convex, beak swollen, slightly
beyond hingeline; sulcus shallow and broad, originating
from umbo anterior, widening and slightly deepening
anteriorly. Dorsal valve varying from nearly ﬂat to gently
concave; fold indistinct. Costellae ﬁne, increasing by
intercalation, numbering 30 near anterior margin; very
small tubes along costellae, each tube about 0.25–0.35
mm long and 0.05 mm across, with a density of 3–5 per
mm2 at anterior; hinge spines not well preserved, one
middle pair projecting posteromedially ﬁrst at 50° and
then turned posterolaterally at an angle of about 40°, two
lateral pairs projecting posterolaterally at about 30–60°.
Ventral interior with short median septum, higher at
posterior, about one-quarter of shell length, in some
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cases extending anteriorly to form a medium ridge
about one-third of shell length; inner surface with radial
papillae, papillae larger but rare in visceral region and
ears, much smaller and more densely packed marginal
areas, with a density of 8–9 per mm2 at mid-valve and
20–25 per mm2 at anterior. Dorsal interior with qua-
drilobate cardinal process; sockets deep; inner socket
ridges distinct, divergent at 150°; lateral septa thin,
short, divergent at an angle about 50°; median septum
beginning from anterior of alveolus, prominent at mid-
valve, about half of shell length; inner surface with
Neochonetes-like papillae.
Remarks. Liao (1980a) proposed Neochonetes zhongy-
ingensis as a new species based on four specimens from
the Longtan Formation (Changhsingian, Guizhou Prov-
ince, South China), but only one of these was an exter-
nal mould, and no micro-ornamentation (tubes) on the
shell external surface was either illustrated or described.
Subsequently, when erecting Neochonetes (Zhongyingia)
as a new subgenus, Shen & Archbold (2002) reinforced
the observation of well-differentiated hinge spines, and
well-developed radial papillae on the inner surface.
However, they did not illustrate the micro-ornamenta-
tion or detail the distribution of the papillae. Therefore,
it is important to note, for the ﬁrst time, the ﬁne details
of the surface micro-ornamentation and papillae for the
type species of Neochonetes (Zhongyingia), as described
above. The present species differs from N. (Sommeriel-
la) strophomenoides (Waagen, 1884) as the latter has a
strong convexity and deeper sulcus, and its greatest
shell width is located posterior to the mid-valve.
Distribution. Late Permian; South China.
Neochonetes semicircularis sp. nov. (Figs 12AB, 14A–H)
Types. Holotype, a ventral interior mould (LZ2702212;
Fig. 14D); paratype, a ventral interior mould
(LZ2704210; Fig. 14C).
Other material. Five ventral interior moulds
(LZ2703068, LZ2704411, LZ2704538, LZ2703543,
LZ2702545) and one ventral external mould
(LZ2702539).
Etymology. For its semicircular outline.
Diagnosis. Medium-sized Neochonetes, semicircular,
greatest width at hingeline; ventral valve moderately con-
vex in proﬁle, gently arched latitudinally; ears small with
acute cardinal extremities; sulcus absent, median septum
short to slightly more than one-third of shell length; inner
surface with Neochonetes-like papillae.
Description. Shell of medium size for the genus, semicir-
cular in outline; 6.4–7.8 mm long and 8.9–10.9 mm wide
(Online supporting data: Table 12), hingeline forming
greatest width; cardinal extremities acute, with an angle
about 60–80°; ears small, slightly inﬂated, poorly demar-
cated from visceral region. Ventral valve moderately con-
vex, with a gently arched inﬂation latitudinally; beak low,
swollen; sulcus absent. Surface with ﬁne costellae that
are sporadically intercalated, totaling about 30–35 near
margin; very small tubes along costellae, each tube about
0.2–0.3 mm long and 0.05 mm wide, with a density of 7–
8 per mm2 at anterior; 3–4 pairs of hinge spines, the ﬁrst
middle pair posteromedially projecting at 60–70° initially
and then posterolaterally projecting at 60–70°, the second
middle pair posteromedially projecting at 80° and then
posterolaterally projecting at 50–60°, two lateral pairs
projecting posterolaterally at 40–70°.
Ventral valve interior (Fig. 14 A–H) with median
septum, length varying from very short to slightly more
than one-third of valve length; vascular trunks extend-
ing anteriorly, nearly parallel to median septum; inner
Fig. 14. A–H, Neochonetes semicircularis sp. nov. A, Interior mould of ventral valve, showing the distribution of hinge spines, LZ2703068; B,
enlarged rectangular area in A, showing the distribution of hinge spines; C, interior mould of ventral valve, LZ2704210; D, interior mould of
ventral valve, showing the distribution of hinge spines, LZ2702212; E, F, interior moulds of ventral valve, LZ2704538, LZ2703543; G, H, interior
moulds of ventral valve, showing the distribution of hinge spines, LZ2702545, LZ2704411. Scale bars = 2 mm.
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surface with Neochonetes-like papillae, papillae coarse
(relative to shell size), but rare in visceral region and
ears, much smaller and more densely packed at mar-
ginal areas, with a density of 9–13 per mm2 at mid-
valve and 25–30 per mm2 at anterior margin.
Discussion. Afanasjeva (1977) proposed a new genus
Permochonetes [type species Permochonetes pamiricus
Afanasjeva (1977, pp. 139, 140; ﬁg. 1a–g, 2a–d)] from
the Bazararian Suite (Early Permian, Pamirs) and sug-
gested it can be only differentiated from Neochonetes
Muir-Wood, 1962 in lacking a median septum in the
dorsal valve. Although no dorsal material was obtained
in the present study, this new species is provisionally
assigned to Neochonetes based on its characteristic
papillae and vascular trunks. The present species is
quite similar to Permochonetes pamiricus Afanasjeva,
1977 in external characters, but the latter has a greater
density of costellae (ca 80 near the margin).
The Zhongzhai species differs from N. (Nongtaia)
Archbold, 1999 in having its maximum width positioned
at the hingeline and lacking a sulcus. With a nearly semi-
circular outline and lack of sulcus, N. semicircular is very
similar to N. (Zechiella) Archbold, 1999, but the former
lacks concentric striae. The Zhongzhai species is also
somewhat similar to N. (Sommeriella) strophomenoides
(Waagen, 1884) in its moderate convexity, small ears, ﬁne
costellae and relatively long median septum, but the latter
has a subquadrate outline, greatest width posterior to the
mid-valve, and a prominent sulcus. The present species
differs from N. (Zhongyingia) zhongyingensis Liao,
1980a in its lower width:length ratio (Fig. 15), stronger
convexity at the umbo and fewer costellae. In having a
prominent sulcus, N. (Huangichonetes) substrophomeno-
ides (Huang, 1932) can be easily distinguished from the
new species.
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a b s t r a c t
New conodont samples have been systematically collected at high stratigraphic resolution from the
upper part of the Longtan Formation through to the lower part of the Yelang Formation at the Zhongzhai
section, southwestern Guizhou Province, South China, in an effort to verify the ﬁrst local occurrence of
Hindeodus parvus in relation to the Permian–Triassic boundary at this section. The resampled conodont
fauna from the Permian–Triassic boundary interval comprises ﬁve identiﬁed species and two undeter-
mined species in Hindeodus and Clarkina. Most importantly, the ﬁrst local occurrence of Hindeodus parvus
is found for the ﬁrst time from the bottom of Bed 28a, 18 cm lower than the previously reported ﬁrst local
occurrence of this species at this section. Considering the previously accepted PTB at the Zhongzhai sec-
tion, well calibrated by conodont biostratigraphy, geochronology and carbon isotope chemostratigraphy,
this lower (earlier) occurrence of H. parvus suggests that this critical species could occur below the Perm-
ian–Triassic boundary. As such, this paper provides evidence that (1) the ﬁrst local occurrences of H. par-
vus are diachronous in different sections with respect to the PTB deﬁned by the First Appearance Datum
(FAD) of this species at its GSSP section in Meishan, China and that (2) the lower stratigraphic range of H.
parvus should now be extended to latest Permian.
 2013 Published by Elsevier Ltd.
1. Introduction
The end-Permian mass extinction, the most severe of its kind in
Earth history (Sepkoski, 1981; Erwin, 1994), has been studied for
the last several decades. However, causes of this mass extinction
remain unclear. In part, the challenge relates to the uncertainty
surrounding the precise determination of the PermianTriassic
boundary at a speciﬁc location or section.
Globally, the Permian–Triassic boundary (PTB) has been deter-
mined by the First Appearance Datum (FAD) of the conodont spe-
cies Hindeodus parvus at the Global Stratotype Section and Point
(GSSP) of the Meishan section in Zhejiang Province of South China
(Yin et al., 2001), where recent geochronology studies of interdis-
persed ash beds have also provided several ﬁrm radiometric age
anchor points (Mundil et al., 2004; Shen et al., 2011). Actually, in
South China, there have been numerous excellent marine Perm-
ian–Triassic boundary sections reported in the past three decades
(Zhang, 1987; Dai and Zhang, 1989; Tian, 1993; Zhu et al., 1994;
Shen et al., 1995; Zhang et al., 1995, 2009; Yang et al., 1999; Wang
and Xia, 2004; Ji et al., 2007; Jiang et al., 2007, 2011; Metcalfe and
Nicoll, 2007; Chen et al., 2008, 2009), but most of these previous
studies have been focused on shallow-water carbonate platform
sections, with few concerning clastic-rock facies from continental
shelf settings. This is despite the signiﬁcance of clastic-shelf PTB
sections in serving as an important bridge in correlating marine
and non-marine PTB sequences (Peng et al., 2005). In this regard,
the Zhongzhai section is perhaps unique as it is the only known
PTB section in South China to date representing the clastic-shelf
rock facies. As such, this section has attracted much attention in
a number of recent publications (e.g., Metcalfe and Nicoll, 2007;
Shen et al., 2011; Lei et al., 2012).
After a brief note published as an abstract by Nicoll and Met-
calfe (2005), Metcalfe and Nicoll (2007) formally reported, for the
ﬁrst time, Hindeodus parvus from Bed 30 of the Zhongzhai section,
which enabled them to place the PTB at the base of this bed. How-
ever, our recent systematic bed-by-bed resampling of the entire
section has discovered that Hindeodus parvus in fact ﬁrst appears
at Bed 28a, 18 cm lower than the ﬁrst local occurrence (FLO) of this
species previously reported by Metcalfe and Nicoll. This discovery
is important as it would suggest, at ﬁrst glance, that either the PTB
needs to be lowered to the base of Bed 28a for the Zhongzhai sec-
1367-9120/$ - see front matter  2013 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.jseaes.2013.10.032
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tion, or the ﬁrst local occurrence of Hindeodus parvus is actually
lower than the PTB at this section if the previously accepted PTB
is kept unchanged for the Zhongzhai section. As discussed further
below, the second scenario is strongly favored here as the PTB of
Fig. 1. (A) Changhsingian lithofacies paleogeography map of South China (after Feng et al., 1997; Xie et al., 2010; Lei et al., 2012). Sections: a, Zhongzhai; b, Heping; c,
Huangzhishan; d, Meishan; e, Shangsi. (B) The S–S’ cross-section represents the lithostratigraphy of the Upper Permian to Lower Triassic rock successions in western Guizhou
and eastern Yunnan provinces (including non-marine section: Chahe and Zhejue, marine section: Zhongzhai) (after Wang and Yin, 2001).
Fig. 2. Location of the Zhongzhai section in southwestern Guizhou Province, South China.
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the Zhongzhai section has been well constrained and calibrated by
additional evidences from both geochronology and d13C isotope
chemostratigraphy. Consequently, a signiﬁcant implication would
become apparent from the present study: if a broad global syn-
chronicity can be assumed for the PTB, the ﬁrst local occurrences
of Hindeodus parvus would have to be diachronous with respect
to the PTB at its GSSP section in Meishan and to the ﬁrst local
occurrence of this species at this section. Further, it also implies
that the lower stratigraphic range of H. parvus should now be ex-
tended to latest Permian.
2. Location and geological setting
Geographically, the Zhongzhai PTB section (26.1529N and
105.2865E) is situated about 1 km northeast of Zhongzhai (a local
township), Liuzhi County, southwestern Guizhou Province (Figs. 1
and 2). Paleogeographically, the Zhongzhai section was located in
the western part of the Yangtze Basin in South China during the
Permian. From Late Permian to Early Triassic, the basin contained
a variety of depositional settings, consisting of shallow-water clas-
tic-shelf, shallow-water carbonate platforms, offshore ramps and
slope to bathyal deep-water environments (Fig. 1A). Importantly,
along the western fringe of the Yangtze Basin and east of the Sich-
uan–Yunnan Old Land existed a large epiric sea extending from
(present-day) western Guizhou to eastern Yunnan provinces dur-
ing the Changhsingian (Late Permian) to Early Triassic (Fig. 1), thus
allowing the development of a continuum of both marine and non-
marine PTB sequences in this area. In non-marine strata, Wang and
Yin (2001) initially named the Chahe and Zhejue terrestrial Perm-
ian–Triassic boundary (TPTB) sections (Fig. 1), which contain abun-
dant plant and sporopollen fossils. Previously, Yao et al. (1980)
were ﬁrst to document in detail a large number of well-preserved
and locally fossiliferous PTB sections ranging in depositional facies
from coastal or marginal marine through full shallow-marine to
deep-water environments, including the Zhongzhai section located
at the junction between marine and non-marine settings (Fig. 1)
(see below for interpretation of Zhongzhai section’s depositional
environment).
Fig. 3. Stratigraphy and lithology of the Zhongzhai section, also showing the detailed collection horizons of conodont fossils near the PTB. (A) Hindeodus parvus Kozur and
Pjatakova, 1976, Bed 28a. (B) Neochonetes (Zhongyingia) zhongyingensis Liao, 1980, Bed 12. (C) Claraia griesbachi (Bittner, 1899), Bed 32. (D) Rotodiscoceras sp., Bed 27c. The
carbon isotope data are after Shen et al. (2011).
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The Permian–Triassic interval strata at the Zhongzhai section
are comprised of the upper part of the Longtan Formation (Beds
1–28) and the lower part of the Yelang Formation (Beds 29–35)
(Fig. 3). The compositions of the upper part of the Longtan Forma-
tion are calcareous mudstone, argillaceous siltstone, a few sand-
stone layers and intercalated limestone, whilst the lower part of
the Yelang Formation includes purple mudstone, siltstone, sand-
stone and a few intercalated limestone layers.
Both the Longtan and the Yelang formations are locally very fos-
siliferous, and the fossils are generally well preserved owing to the
ﬁne-grained nature of the sediment (Fig. 3). Since Yao’s et al.
(1980) initial report of abundant marine fossils from this section,
several other papers have also provided some detailed systematic
studies on some of the faunas: brachiopods (Liao, 1980; Zhang
et al., 2013), bivalves (Yao et al., 1980; Gao et al., 2009), conodonts
(Nicoll and Metcalfe, 2005; Metcalfe and Nicoll, 2007), gastropods
(He et al., 2008), phytoplankton (Lei et al., 2012), as well as a gen-
eral account of the stratigraphy of this section (Peng et al., 2005;
Glen et al., 2009; Shen et al., 2011).
To date, no speciﬁc and detailed sedimentological study has
been undertaken to determine the depositional environment of
the Zhongzhai section. However, in a general account based on a
regional combined lithofacies-palaeogeographical mapping exer-
cise commissioned by the petroleum industry for the Permian of
Fig. 4. 1, Clarkina meishanensis Zhang et al., 1995, upper view, LZ-C-280101. 2, Hindeodus sp.1, lateral view, LZ-C-280201. 3. Hindeodus sp.2, lateral view, LZ-C-280202. 4–20,
25–28, Hindeodus praeparvus Kozur, 1996, 4–11, 13–16, 20, 25, 27, 28, lateral view, LZ-C-280203–280218; 12, 17–19, 26, lateral view, LZ-C-280102–280106. 21, Hindeodus cf.
H. peculiaris (Perri and Farabegoli, 2003), lateral view, LZ-C-280219. 22–24, Hindeodus bicuspidatus Kozur, 2004, lateral view, LZ-C-280220–280222.
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southwestern China, Feng et al. (1994) showed that the Permian–
Triassic boundary strata of the Zhongzhai area was deposited in a
shallow-water clastic-shelf environment. This interpretation is
consistent with the presence of economically viable coal measures
in the lower part of the Longtan Formation at the Zhongzhai sec-
tion, which are the most signiﬁcant coal-bearing rocks in this re-
gion. The PTB interval strata above the coal measures at the
Zhongzhai section, from both the upper part of the Longtan and
lower part of the Yelang formations, are dominated by mudstone
intercalated with horizontally bedded argillaceous siltstone, which
has been interpreted to represent an offshore back-barrier, rela-
tively low-energy shallow-marine environment (Shen et al.,
2011) (Fig. 1). It is therefore not surprising to see that most of
the brachiopods found within the mudstone beds in the upper part
of the Longtan Formation are well preserved (e.g. see the chonetid
brachiopod shown in Fig. 3, still with hinge spines intact).
3. Material and methods
Eighty-two samples (3–5 kg per sample) were systematically
collected from the claystone, calcareous mudstone, siltstone and
limestone beds of the upper part of the Longtan Formation and
the part of the lower Yelang Formation in the Zhongzhai section.
All samples were corroded by 10% solution of acetic acid and then
examined under a binocular microscope. Importantly, the samples
of Beds 26, 28a, 28b, 29 and 30, which are the key layers of the
Permian–Triassic boundary interval, were repeatedly processed
and examined (at least three times for each sample) in an effort
to search for conodont fossils and for locating the PTB. Finally,
some selected specimens were photographed by Scanning Electron
Microscopy (SEM) at China University of Geosciences (Wuhan) and
Deakin University in Melbourne.
All but one specimens ﬁgured in this paper are preserved in the
Micropaleontology Laboratory, Faculty of Earth Sciences, China
University of Geosciences (Wuhan), China, with preﬁxes LZ-C for
specimens from the Zhongzhai section in Liuzhi County (C for
conodont fossils, 2801 for Bed 28a, 2802 for Bed 28b). The excep-
tional specimen is provided by one of the authors (YDX) and is reg-
istered with NIGP159237 (from Bed 28b) and housed in the
Nanjing Institute of Geology and Palaeontology, Nanjing, China.
4. The conodont fauna
This Zhongzhai conodont fauna was ﬁrst reported by Nicoll and
Metcalfe (2005) in a very short note, in which they brieﬂy de-
scribed the lithology of Permian–Triassic interval strata from Beds
26–31, and placed the PTB at the bottom of Bed 30 based on the
occurrence of Hindeodus parvus. Subsequently, Metcalfe and Nicoll
(2007) formally reported and ﬁgured this fauna from the Zhongz-
hai section, which included Hindeodus parvus, H. eurypyge, H.
changxingensis, Clarkina tulongensis, C. meishanensis and Merrillina
ultima. In the same paper, Metcalfe and Nicoll (2007) also consid-
ered the base of Bed 30 to mark the PTB at the Zhongzhai section
(Fig. 3).
In the present study, ﬁve samples have yielded conodonts. Sam-
ple LZ-0101 (Bed 1a), LZ-0102 (Bed 1b) and LZ-26 (Bed 26) contain
some conodont fragments which are too poorly preserved for spe-
cies identiﬁcation. However, samples LZ-2801 (Bed 28a) and LZ-
2802 (Bed 28b) have yielded well-preserved conodont material.
Together, these ﬁve samples contain a modest conodont fauna,
consisting of: Clarkina meishanensis Zhang et al., 1995, Hindeodus
bicuspidatus Kozur, 2004, H. parvus Kozur and Pjatakova, 1976, H.
?parvus Kozur and Pjatakova, 1976, Hindeodus cf. H. peculiaris Perri
and Farabegoli, 2003, H. praeparvus Kozur, 1996, H. sp.1 and H. sp.2
(Figs. 4 and 5, Table 1).
Among these conodont species, the identiﬁcation of H. parvus is
most critical for this paper but has proved a considerable challenge
because of the ﬁne gradational changes between H. praeparvus and
Fig. 5. 1, 2, 7, Hindeodus parvus (Kozur and Pjatakova, 1976), 1, 2, lateral view and
upper view, LZ-C-280223; 7, lateral view, NIGP159237; 3–6, Hindeodus ?parvus
(Kozur and Pjatakova, 1976) 3, 4, lateral view and upper view, LZ-C-280224; 5, 6,
lateral view and upper view, LZ-C-280107.
Table 1
Relative abundance (measured by percentage of numbers of specimens) of conodont species in Beds 28 and 30 at the Zhongzhai section. Numbers marked by an asterick are from
Metcalfe and Nicoll (2007), all others are from this study.
Bed 28 Bed 30
Numbers of specimens Percentage (%) Numbers of specimens Percentage (%)
C. meishanensis 1 + 35 15.9
C. tulongensis 1 1.7
H. bicuspidatus 3 1.3
H. changxingensis 27 11.9
H. eurypyge 41 18.1
H. latidentatus 7 12.1
H. parvus, H. ?parvus 4 1.8 40 69.0
H. cf. peculiaris 1 0.4
H. praeparvus 21 + 72 41.0
H. sp.1 1 0.4
H. sp.2 1 0.4
H. n. sp. 7 3.1
H. typicalis 10 17.2
M. ultima 13 5.7
Total 227 100 58 100
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H. parvus and the different views currently held by different work-
ers as to how these two species should be distinguished one from
another in an apparent continuum of morphological variations
(e.g., see discussion in Kozur, 1996, pp 93, 94; Orchard and Krystyn,
1998, p. 352). In our material, two specimens, LZ-C-280223
(Figs. 5.1, 5.2 and 6.6) and NIGP159237 (Figs. 5.7 and 6.7), both
from Bed 28b, appear to be assignable to H. parvus with good con-
ﬁdence. Both specimens are characterized by possessing a high
cusp whose height is more than twice that of the average height
of the denticles, broad and largely uniform denticles, and a nearly
vertical posterior margin. These characteristics are highly compa-
rable with similar features in the type specimens of H. parvus as
originally ﬁgured by Kozur and Pjatakova (1976) and Kozur
(1977) (both reproduced here in Fig. 6.1 and 6.2), as well as with
specimens of H. parvus from the Meishan PTB GSSP section as ﬁg-
ured by Yin et al. (2001, here reproduced in Fig. 6.3) and by Met-
calfe et al. (2001, here reproduced in Fig. 6.4). Further, we could
not identify any discernible signiﬁcant differences between these
two specimens and a specimen identiﬁed and ﬁgured by Metcalfe
and Nicoll (2007) as H. parvus from Bed 30 of the Zhongzhai section
(reproduced here in Fig. 6.5).
However, our assignment of two other specimens, LZ-C-280224
and LZ-C-280107 (Figs. 5.3–5.6 and 6.8, 6.9), to H. parvus is some-
what equivocal as, arguably, they could also be classiﬁed as H.
praeparvus. In several previous studies where conodont popula-
tions have been examined (e.g., Mei et al., 2004; Shen and Mei,
2010), it is evident that considerable intra- and inter-speciﬁc vari-
ations could exist among some conodont species, suggesting an
inherent challenge in conodont taxonomy at the species level.
Although Hindeodus parvus is generally understood to have a high
and slender cusp, an upright posterior margin and even denticles
(e.g., Kozur, 1996; Orchard and Krystyn, 1998), but specimens with
these typical features tend to represent the end members of a con-
tinuum of strong and continuous intra-speciﬁc variations within
this species, and specimens with these features are usually rare
in stratigraphic record (e.g., only a few reliable H. parvus have so
far been reported from the Meishan PTB GSSP section). The two
specimens under question (LZ-C-280224 and LZ-C-280107,
Fig. 6. Morphological comparison among Hindeodus parvus Kozur and Pjatakova, 1976, Hindeodus praeparvus Kozur, 1996 and four specimens in this study. 1–9, H. parvus; 1,
one of the two original type specimens ﬁgured by Kozur and Pjatakova (1976, Fig 1: a), 2, holotype, as originally designated and illustrated by Kozur and Pjatakova (1976, Fig
1: b) (this specimen is regarded as the valid holotype for H. parvus, see Nicoll et al., 2002), 3, H. parvus fromMeishan PTB GSSP section (Yin et al., 2001, pl. 1, Fig. 4), 4, H. parvus
from Meishan PTB GSSP section (Metcalfe et al., 2001, Fig. 2), 5, H. parvus from Bed 30 of Zhongzhai section (Metcalfe and Nicoll, 2007, pl. 1, Fig. 1), 6, 7, H. parvus from this
study (also ﬁgured in Fig. 5.1, 5.2, 5.7); 8, 9, H. ?parvus from this study (also ﬁgured in Fig. 5.3–5.6); 10, 11, H. praeparvus Kozur, 1996, 10, holotype, from Kozur, 1996 (pl. 2,
Fig. 2), 11, from Meishan D section (Nicoll et al., 2002, Fig. 17: 1d).
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Fig. 6.8 and 6.9) have nearly uniform denticles, similar to those of
H. parvus shown in Fig. 6.1 and 6.7, but their cusps are relatively
low and somewhat approach those of typical H. praeparvus
(Fig. 6.10 and 6.11). These comparisons thus suggest that these
two specimens may well represent a transitional form between
H. praeparvus and H. parvus, although their overall characters are
more characteristic of the latter (see Fig. 6 for detailed morpholog-
ical comparisons).
Signiﬁcantly, although H. parvus occurs in Bed 28, they are very
rare compared to the occurrences of H. praeparvus in the same bed
(93 specimens of H. praeparvus were found, co-existing with only
two specimens each of H. parvus and H. ?parvus) (Table 1). This
indicates that the conodont fauna of Bed 28 is undoubtedly domi-
nated by H. praeparvus, co-existing with only very rare early H. par-
vus elements. This is in sharp contrast to Bed 30 where H. parvus
had become dominant, accounting for 69% of all conodonts found
in this bed, with no ﬁnding of H. praeparvus (Table 1, conodonts
data from Bed 30 are fromMetcalfe and Nicoll, 2007). These simple
statistical differences in species composition and relative abun-
dance between the two very different conodont populations of
Bed 28 and Bed 30 suggest that signiﬁcant evolution and faunal
replacement must have occurred at the population level from
Bed 28 to Bed 30 (Bed 29 is an ash bed and no conodont have been
found in this bed). Further, our study indicates that rare elements
of H. parvus could occur in a H. praeparvus-dominated population
although their identiﬁcation may be difﬁcult because of low abun-
dance and the continuum of morphological variations between the
two species. In this case, it is possible that Pa elements of H. parvus
occurring in the H. praeparvus-dominated populations can be mis-
taken for H. praeparvus, or vice versa.
5. Discussion
At ﬁrst glance, the newly discovered ﬁrst local occurrence (FLO)
of H. parvus may suggest that the PTB at the Zhongzhai section
could be placed at the base of Bed 28a, instead of at the base of
Bed 30 as was previously suggested by Metcalfe and Nicoll
(2007). However, this suggestion is not tenable if multiple other
lines of chronostratigraphic and biostratigraphic evidence are ta-
ken into account. First, when Nicoll and Metcalfe (2005; see also
Metcalfe and Nicoll, 2007) reported H. parvus from Bed 30 of the
Zhongzhai section, they also reported Merrillina ultima from Bed
28 of this section. Until now, M. ultima has been considered to be
a species characteristic of the Changhsingian (e.g. Kozur, 2005).
Furthermore, Professor Shu-zhong Shen (personal communication,
July 2013) has advised us that he had previously found Palaeofusu-
lina sinenesis from Bed 28, co-existing with H. parvus. Palaeofusulina
sinenesis is a critical fusuline species that deﬁnes the latest
Changhsingian Palaeofusulina sinenesis Zone in South China (Sheng
and Jin, 1994). Thus, the occurrence of this species concurs with
that of the conodont M. ultima in suggesting that Bed 28 should
be assigned to latest Changhsingian, rather than earliest Triassic.
This considered, it would be inappropriate to place the PTB of the
Zhongzhai section at the base of Bed 28a.
Second, maintaining the PTB of the Zhongzhai section at the
base of Bed 30 is also strongly corroborated by both the d13C sig-
nals and the U–Pb age dating. According to Shen et al. (2011), there
is no signiﬁcant change in d13C values from Bed 27 to Bed 28; how-
ever, a signiﬁcant and seemingly sustained negative shift occurred
from Bed 29 through to the base of Bed 31 when a local minimum
of d13C values was reached (Fig. 4 in Shen et al. (2011); reproduced
here in Fig. 3). Shen et al. (2011) correlated this signiﬁcant negative
shift across Bed 30 of the Zhongzhai section with that of Bed 27 of
the Meishan section where the GSSP of the PTB is deﬁned. Bed 30
of the Zhongzhai section is underlain by a claystone bed (Bed 29)
with volcanic ash. This bed has been dated at 252.24 ± 0.13 Ma,
which is statistically indistinguishable from the calibrated PTB
age of 252.17 ± 0.06 Ma at the Meishan section (Shen et al., 2011).
Additionally, in the course of this study we have also found an
incomplete ammonoid specimen, Rotodiscoceras sp., from Bed 27c,
as well as a bivalve species Claraia griesbachi (Bittner, 1899) from
Bed 32, both shown in Fig. 3. Biostratigraphically, Rotodiscoceras
sp. (from Bed 27c) is the zonal taxon of the Pseudotirolites–Rotodis-
coceras Zone characteristic of the late Changhsingian in South Chi-
na (Zhao et al., 1978; Yang et al., 1987). On the other hand, Claraia
griesbachi from Bed 32, is a typical element of the Claraia wangi–C.
griesbachi Assemblage of earliest Triassic in South China (Gao et al.,
2009). Therefore, the biostratigraphic evidence from the ammo-
noid and bivalve fossils also supports the placement of the Perm-
ian–Triassic boundary at the base of Bed 30.
To sum up, considering the multiple lines of evidence available
from the Zhongzhai section as summarized above, we suggest that
the Permian–Triassic boundary of this section be maintained at the
base of Bed 30 as originally proposed by Metcalfe and Nicoll
(2007). In this case, the discovery of H. parvus in Bed 28a would
have to be treated as an example of this critical species having
its ﬁrst local occurrence at a local section below the PTB and hence
older than the First Appearance Datum (FAD) of the same species
at the global PTB GSSP section in Meishan.
Globally, the realization that the ﬁrst local occurrences (FLO) of
H. parvus may be diachronous is not new, although no previous
study has reported the occurrence of H. parvus below the Perm-
ian–Triassic boundary. Both Baud (1996) and Shevyrev (2006)
had both suggested that the occurrences of H. parvus could be dia-
chronous in different sections. Hermann et al. (2010), based on the
worldwide correlation of PTB carbon isotope records, also ques-
tioned the worldwide synchronicity of H. parvus as an absolute
time marker. Similarly, Jiang et al. (2011) have also pointed out
the potential problem that may be caused by using the diachro-
nous occurrences of H. parvus as a time marker for the base of
the Triassic, and they accordingly proposed that the PTB at the
Shangsi section be placed at the middle of Bed 28a, which is about
2 m below the FLO of H. parvus (Bed 29c) at this section (see also
Mundil et al., 2004, p. 1760). In a recent high-resolution cyclo-
stratigraphic study of PTB sequences based on astronomical tuning
of cyclic sedimentary records from several marine PTB sections in
South China (Figs. 1 and 6), Huang et al. (2011) compared the ages
of the FLOs of H. parvus, and noted the possibility that the FAD of
this species could be distinctly diachronous across different marine
environments (notwithstanding that the PTB astronomical time
scale (ATS) derived by Huang et al. will now need to be carefully
considered in the light of a more recent study by Wu et al.
(2013); although this does not affect Huang’s et al. observation that
the ﬁrst occurrences of H. parvus in South China are diachronous).
Theoretically, there could be several reasons why the FADs of a
key index species such as H. parvus may appear diachronous in
stratigraphic record (see a recent discussion on this aspect by Land-
ing et al. (2013) in relation to Cambrian GSSPs). First, it could be due
to strong facies control in that the timing of appearance ofH. parvus
in local section (or environment) may have been strongly depen-
dent on the attainment of a suitable habitat for this species. Poten-
tially, thismay explainwhy the earlier occurrence ofH. parvus at the
Zhongzhai section in a clastic-shelf environment compared to the
FAD of H. parvus at the Meishan GSSP section located in an offshore
carbonate ramp setting. Second, the diachronous occurrence of H.
parvus in different sectionsmay simply be a reﬂection of differential
weathering and preservation as a result of erosional truncation, or
the Signor–Lipps effect (Signor and Lipps, 1982), but this effect ap-
pears to be geologically negligible as far as the Zhongzhai section is
concerned because there is no physical evidence to suggest any sig-
niﬁcant physical break across the PTB beds at the section (see also
Shen et al., 2011). Third, the diachroneity for the FLOs of H. parvus
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between different sections (regions) could potentially be explained
by the difference in the timing of their appearance in different areas
as a result of differential biogeographic dispersal rates although this
difference may not have been very signiﬁcant for H. parvus consid-
ering the pelagic lifestyle for this species (Lai and Zhang, 1999).
6. Conclusions
The discovery of H. parvus from Bed 28a of the Zhongzhai sec-
tion has yielded three signiﬁcant stratigraphic implications. First,
the ﬁrst local occurrence (FLO) of H. parvus at this section is
18 cm lower than the PTB currently accepted. Second, this study
has highlighted the inadequateness in using the ﬁrst occurrence
of H. parvus as an exclusive chronostratigraphic marker for deﬁn-
ing the base of the Triassic in marine settings. Instead, other auxil-
iary biostratigraphic indicators as well as non-biostratigraphic
tools, such as d13C chemostratigraphic proﬁle and radiometric ages,
where available, must also be considered along with the ﬁrst
occurrence of H. parvus – this is a very signiﬁcant point that re-
cently has also been stressed by Finney (2013) as it is applicable
to the application of all GSSPs. Third, although some previous stud-
ies have reported the ﬁrst occurrences of H. parvus above the Perm-
ian–Triassic boundary in some sections, this is the ﬁrst study, to
the best of our knowledge, reporting the FLO of H. parvus below
or earlier than the Permian–Triassic boundary in a regional section.
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THE END-PERMIAN mass extinction, the most severe
of the Phanerozoic, marked a major biotic turnover
between the Palaeozoic brachiopod-dominated faunas
and Mesozoic and Cenozoic molluscan-dominated fau-
nas (Sepkoski 1984). To this end, any study document-
ing the composition, distribution and evolutionary
dynamics of the brachiopod fauna during the Palaeozo-
ic–Mesozoic transition helps to understand the causes
and processes leading to the extinction and replacement
of one fauna by the other.
South China is well known for its possession of
numerous continuous marine Permian–Triassic bound-
ary (PTB) sections, including the Global Stratotype Sec-
tion and Point (GSSP) PTB section at Meishan in
Zhejiang Province. Many of these PTB sections are
known to contain abundant brachiopod faunas ranging
in age from Late Permian to Early Triassic (Chen et al.
2005, He et al. 2014). Liao (1979) ﬁrst proposed two
discrete Changhsingian brachiopod assemblages to rep-
resent two distinct depositional facies and environments:
the Peltichia zigzag–Spinomarginifera alpha
Assemblage for shallow-water carbonate platform
facies, and the Paryphella sulcatifera–Paracrurithyris
pygmaea Assemblage for deep-water siliciclastic facies.
However, a third brachiopod assemblage representing
shallow-marine clastic facies in South China is also
very distinctive according to several previous reports
(Hou et al. 1979, Liao 1980a, Zhu 1990), but brachio-
pods from this assemblage, including those from the
Zhongzhai section considered here, have yet to be fully
and systematically studied.
The Zhongzhai section in Guizhou Province, south-
western China, is thus far the only known Permian–
Triassic boundary section representing shallow-marine
clastic facies and, consequently, has attracted much
recent attention in several publications (e.g., Metcalfe &
Nicoll 2007, Shen et al. 2011, Lei et al. 2012, Zhang
et al. 2013, 2014). In the past four years, we have
undertaken a systematic and high-resolution sampling
campaign at this section with a view to investigating
© 2014 Association of Australasian Palaeontologists
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the evolutionary dynamics and palaeoenvironmental
context of its brachiopod fauna, the most common
group among all known marine invertebrates, across the
Permian–Triassic transition at this section. As a result,
we have collected nearly 10 000 well-preserved bra-
chiopod specimens and have published one paper on
the rugosochonetid brachiopods from this section
(Zhang et al. 2013). The present paper is a continuation
of our systematic study of the PTB Zhongzhai brachio-
pod fauna and focuses on brachiopods of Lingulida,
Orthida, Orthotetida and Spiriferida.
Stratigraphy and age
The Zhongzhai PTB section (located at 26.1529°N and
105.2865°E; Fig. 1) exposes the upper part of the Longtan
Formation (uppermost Permian) and the lower part of the
Yelang Formation (lowest Triassic). The Longtan Forma-
tion is composed mainly of yellowish green mudstones,
horizontally bedded argillaceous siltstones and several lay-
ers of intercalated limestone, in contrast to the overlying
Yelang Formation, which is characterized by purple mud-
stones and contains more sandstone layers (Fig. 2). At this
section, the PTB has been deﬁned at the base of Bed 30
using a combination of biostratigraphy, including the ﬁrst
occurrence of Hindeodus parvus (Kozur & Pjatakova
1976) in this bed (see Metcalfe & Nicoll 2007, Zhang
et al. 2014), carbon isotope chemostratigraphy and
U–Pb-based geochronology (Shen et al. 2011).
Systematic palaeontology
The suprageneric classiﬁcation scheme is adopted from
Williams et al. (2000, 2002, 2006), and the use of mor-
phological terms, unless otherwise discussed herein, fol-
lows Williams & Brunton (1997). All the specimens
ﬁgured in this paper are preserved in the Micropaleontol-
ogy Laboratory, Faculty of Earth Sciences, China Univer-
sity of Geosciences (Wuhan), China, with preﬁxes LZ for
specimens from the Zhongzhai section in Liuzhi County.
Class LINGULATA Gorjansky & Popov, 1985
Order LINGULIDA Waagen, 1884
Superfamily DISCINOIDEA Gray, 1840
Family DISCINIDAE Gray, 1840
Orbiculoidea d’Orbigny, 1847
Type species. Orbicula forbesii Davidson, 1848, p. 334,
pl. 3, ﬁg. 45; Wenlock, Silurian; West Midlands, England.
Remarks. Despite its simple morphology, the terminol-
ogy used to describe Orbiculoidea has not been consis-
tent. To clarify the terminology adopted here, we have
illustrated the main morphological terms used in this
paper (Fig. 3). As for the shell ornament, Williams
et al. (2000, p. 90) and Mergl (2006, p. 224) used the
term ‘concentric ﬁla’ for the genus. However, other
terms for the same or similar feature have also been
published, for example ‘concentric rugellae’ as used by
Mergl (1996, 2006, 2010). In this study, we prefer the
term ‘concentric lines’ over ‘concentric ﬁla’ to describe
the shell ornaments derived from growth. This is
because, in most of our material, the ornament of Or-
biculoidea can be observed from the internal moulds.
By deﬁnition, the external ornament reﬂected and
observed from internal moulds of shells can not be
described as ﬁla (ﬁlum), which actually refer to orna-
mental features only preserved on shell external sur-
faces (Williams & Brunton 1997, p. 430).
Discussion. After checking the material of the type spe-
cies, Discina forbesii Davidson, 1848 preserved in the
Natural History Museum in London, Mergl (2006)
adopted a somewhat narrower deﬁnition for Orbiculoi-
dea compared with that provided by Williams et al.
(2000, p. 90). According to Mergl (2006), Orbiculoidea
shells are strongly dorsibiconvex, with a subtrapezoidal
outline for its posterior shell part; and its concentric ﬁla
are separated by broader interspaces. However, the
dorsibiconvexity as a diagnostic feature of Orbiculoidea
is questionable as there are Orbiculoidea species with a
‘depressed convex’ ventral valve and a corresponding
‘depressed-conical’ dorsal valve (Winchell & Schuchert
1895), suggesting the possibility of some Orbiculoidea
species with much reduced dorsibiconvexity. Conse-
quently, we propose to slightly broaden the deﬁnition of
Orbiculoidea with regard to its convexity, to accommo-
date shells varying from slightly or gently convexoplane
to strongly dorsibiconcex proﬁles. As for the subtrape-
zoidal outline of the posterior shell part, it is also prob-
lematic as a diagnostic feature for Orbiculoidea because
it could be either a preservational defect of the original
material of the type species, or merely a reﬂection of
some interspeciﬁc variation. In this regard, it is interest-
ing to note that this feature is absent from many North
American Orbiculoidea species (e.g., O. numulus Hall
& Clarke, 1892 and O. herzeri Hall & Clarke, 1892),
nor has it been observed in any of the well-preserved
South China Late Permian (Lopingian) Orbiculoidea
species we have examined here (Table 1).
Acrosaccus Willard, 1928 resembles Orbiculoidea in size
and outline, but has a nearly ﬂat dorsal valve with a sub-
marginal apex, pitted micro-ornamentation and sharper,
more elevated concentric ﬁla. Schizotreta Kutorga, 1848
is well discriminated from Orbiculoidea by its elongate
oval outline, submarginal beaks on both valves and a
short pedicle track. Gigadiscina Mergl & Massa, 2005
can also be easily distinguished from the present genus
by its much larger size. Roemerella Hall & Clarke, 1890
differs from Orbiculoidea in having a pedicle track
located on a broadly elevated area of the ventral valve.
However, it is notable that both Gigadiscina and Roeme-
rella share many characteristics (outline, ornament and
convexity) with Orbiculoidea, so they may be synonyms.
Distribution. Although Williams et al. (2000) attributed
the age range of Orbiculoidea to Ordovician through to
2 YANG ZHANG et al. ALCHERINGA
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Permian, it is possible that this genus may have evolved
as early as the Cambrian (e.g., Davidson 1868, Walcott
1912) and survived to as late as the Early to Middle
Triassic (Spath 1935, Kummel 1953, Murata 1973, Liao
1980a, Xu & Liu 1983, Dagys & Kurushin 1985).
Orbiculoidea anhuiensis Jin & Hu, 1978 (Fig. 4P, Q)
1978 Orbiculoidea anhuiensis Jin & Hu, p. 107, pl. 1,
ﬁgs 10, 11.
1982 Orbiculoidea anhuiensis Jin & Hu; Wang et al.,
p. 187, pl. 85, ﬁgs 4, 5.
Material. A ventral internal mould (LZ0400175).
Diagnosis. Small to medium size for the genus, ventral
shell elliptical; slightly convex; apex at one-third of
shell posterior; pedicle track narrow and short; shell
posterior slope (around pedicle track) straight.
Description. Small to medium size for genus, ventral
shell elliptical in outline; slightly convex, apex area
conical, located at one-third of shell posterior, shell sur-
face slightly convex towards anterior and anterolateral
sides, posterior slope (around pedicle track) straight;
pedicle track narrow, with nearly parallel margins, origi-
nating from shell apex, deepening and extending poste-
riorly, 1.5 mm long. Shell surface with ﬁne concentric
lines, interspace much wider than lines, 6–8 lines per 2
mm at anterior margin.
Discussion. Jin & Hu (1978) named this species on the
basis of a ventral valve and a dorsal valve, both from
the Gufeng Formation (Guadalupian) of South China,
and selected the ventral valve (pl. 1, ﬁg. 10) as the
holotype. In addition, they described the dorsal valve as
having a subcircular outline, low conical proﬁle, slightly
eccentric apex and straight slopes (Jin & Hu 1978,
p. 107). If only the ellipsoidal outline and its short pedi-
cle track are considered, O. anhuiensis appears to be
better placed in Schizotreta Kutorga, 1848. However,
this species possesses a dorsal apex located close to the
valve centre, rather than at a submarginal position as in
Schizotreta. Additionally, the length/width ratio of
O. anhuiensis (1.19, from the holotype in Jin & Hu
Species recorded
Species revised
or accepted Formation Age
Locations (Province
in South China) References
S. obesa uncertain Longtan Lopingian Guizhou Huang 1933
S. interrupta uncertain Cisuralian Guizhou Grabau 1934
S. derbyi var. kweichowensis uncertain Cisuralian Guizhou Grabau 1934
S. subtriquetra uncertain Maokou Guadalupian Guizhou Jin et al. 1974
A. yuananensis A. yuananensis Maokou Guadalupian Hubei Yang et al. 1977
A. jiangyouensis A. jiangyouensis Kuahongdong Late Triassic Sichuan Tong 1978
S. gulingensis A. gulingensis Maokou Guadalupian Sichuan Tong 1978
S. mendungensis A. mendungensis Maokou Guadalupian Sichuan Tong 1978
S. gaoqiaoensis A. gaoqiaoensis Qixia Guadalupian Sichuan Tong 1978
S. leshanensis A. leshanensis Maokou Guadalupian Sichuan Tong 1978
S. heibayideensis A. heibayideensis Qixia Guadalupian Sichuan Tong 1978
S. disulcata A. bisulcata Maokou Guadalupian Sichuan Tong 1978
A. shuizhutangensis A. shuizhutangensis Shuizhutang Lopingian Guangdong Hou et al. 1979
A. elongata S. elongata Cisuralian Qinghai Jin et al. 1979
A. zhijinensis uncertain Lopingian Guizhou Liao 1980a
A. guizhouensis A. guizhouensis Lopingian Guizhou Liao 1980a
S. simplex ?S. simplex Heshan Lopingian Guangxi Liao 1987
A. tongluensis A. tongluensis Lengwu Guadalupian Zhejiang Liang 1990
A. zhinanensis A. zhinanensis Lengwu Guadalupian Zhejiang Liang 1990
A. undulata uncertain Changxing Lopingian Chongqing Shen et al. 1992
A. rectimarginalis uncertain Changxing Lopingian Chongqing Shen et al. 1992
A. beipeiensis A. beipeiensis Changxing Lopingian Chongqing Xu & Grant 1994
A. subpentangulata S. subpentangulata Longdongchuan Lopingian Shaanxi Xu & Grant 1994
S. discusella A. discusella Changxing Lopingian Chongqing,
Zhejiang
Xu & Grant 1994
S. guizhouensis A. guizhouensis Changxing Lopingian Chongqing,
Sichuan, Zhejiang
Xu & Grant 1994
S. ovaloides S. ovaloides Changxing Lopingian Sichuan Xu & Grant 1994
S. shuizhutangensis A. shuizhutangensis Paoshui Guadalupian Guangxi,
Zhejiang
Xu & Grant 1994
S. bellistriata uncertain Maokou Guadalupian Chongqing Zeng et al. 1995
A. glossexserta uncertain Longtan Lopingian Chongqing Zeng et al. 1995
A. pentagonalis uncertain Qixia Guadalupian Chongqing Zeng et al. 1995
A. indentatus uncertain Longtan Lopingian Chongqing Zeng et al. 1995
A. costalis A. costalis Maokou Guadalupian Chongqing Zeng et al. 1995
A. rhombiforrnis uncertain Qixia Guadalupian Chongqing Zeng et al. 1995
A. protea minor uncertain Longtan Lopingian Chongqing Zeng et al. 1995
Table 2. Review of some endemic species of Araxathyris Grunt in Ruzhentsev & Sarytcheva, 1965 and Spirigerella Waagen,
1882–1885 in South China.
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1978, p. 107, pl. 1, ﬁg. 10) is smaller than that in typi-
cal Schizotreta species, such as Schizotreta? cf. rariss-
ima (Barrande 1879) with a length/width ratio of 1.33–
1.40 (Mergl 2006, pp. 232, 234, ﬁg. 8B–D, F, G) and
Schizotreta walker Mergl, 2006 with a length/width
ratio of 1.40 (Mergl 2006, pp. 234, 235, ﬁg. 8H–Q).
Therefore, it is appropriate to place this species in Or-
biculoidea d’Orbigny, 1847.
Orbiculoidea platymitraformis Liang, 1990 is similar to
the present species in size and outline, but it has a
strongly convex dorsal valve and a long and linear ped-
icle track. In possession of a short pedicle track, O. an-
huiensis is similar to O. qieermaensis Xu & Liu, 1983,
O. qinglongensis Liao, 1980a, O. tobaensis Jin & Sun,
1981 and O. yangkangensis Xu & Liu, 1983; however,
the latter four species all have a circular or subcircular
outline and an eccentric or strongly eccentric dorsal
apex. Additionally, O. qieermaensis and O. yangkang-
ensis have costellae on the shell surface, which allows
their easy distinction from O. anhuiensis.
Distribution. Guadalupian (Middle Permian) to
Lopingian (Late Permian); South China (Guizhou and
Anhui provinces).
Orbiculoidea elegans Liao, 1980a (Fig. 4A–O)
1980a Orbiculoidea elegans Liao, pp. 252, 253, pl. 1,
ﬁgs 20–22.
Material. Three dorsal internal moulds (LZ1200180,
LZ1200182, LZ1200203), a dorsal external mould
(LZ1200191), ﬁve ventral internal moulds (LZ1200622,
LZ1200606, LZ1200623, LZ1200621, LZ1200601) and
three ventral external moulds (LZ1200625, LZ1200609,
LZ1200602).
Diagnosis. Small to medium size for the genus, subcircu-
lar in outline; ventral valve slightly convex; apex slightly
eccentric; pedicle track wide, shallow and long, extend-
ing nearly to posterior margin, posterior slope convex.
Description. Shell subcircular in outline, 8.5–11.4 mm long,
7.5–10.0mm wide. Ventral valve apex conical, strongly
eccentric, located about at one-third of shell posterior, other
shell surface slightly convex and marginal area nearly ﬂat;
pedicle track wide, long and shallow, narrowing posteriorly
and tapering at posterior margin, about 2–2.5 mm long.
Dorsal valve gently conical, apex slightly to strongly eccen-
tric. Both valve surfaces marked by very ﬁne concentric
lines, rounded in cross-section, interspaces about two or
three times wider than lines, about 10–12 lines per 2mm
near anterior margin.
Discussion. This species was erected by Liao (1980a)
on the basis of one ventral external mould (pl. 1, ﬁg.
20) and one ventral valve (pl. 1, ﬁgs 21, 22) with the
latter as the holotype. This species is similar to
O. anhuiensis Jin & Hu, 1978 and O. platymitraformis
Liang, 1990 in its slightly convex ventral shell, but the
latter two species both have elliptical outlines. More
importantly, O. anhuiensis possesses a narrower and
shorter pedicle track compared with the present species.
On the other hand, O. platymitraformis has an elliptical
foramen connected to a narrow and linear pedicle track.
Orbiculoidea elegans can be easily distinguished from
O. qinglongensis Liao, 1980a as the latter has more
convex ventral and dorsal valves, a narrower and
shorter pedicle track and weaker concentric lines.
Distribution. Lopingian (Late Permian); South China
(Guizhou Province).
Orbiculoidea nucleola Liao, 1980a (Fig. 5A–O)
1980a Orbiculoidea nucleola Liao, p. 252, pl. 1, ﬁgs
10–16.
Material. Seven dorsal internal moulds (LZ2701206,
LZ1600208, LZ0400615, LZ2702627, LZ1200612,
LZ1200613, LZ1200617), two ventral internal moulds
(LZ0200199, LZ1200605) and three ventral valves
(LZ1200611, LZ2702626, LZ2703197).
Diagnosis. Medium to large size for the genus, subcir-
cular in outline; nearly equally biconvex; apex eccen-
tric, marginal area partly ﬂat; pedicle track narrow and
tapering at anterior margin, posterior slope slightly
concave.
Description. Medium to large size for Orbiculoidea,
subcircular in outline, nearly equally biconvex (dorsal
convexity slightly stronger than ventral), 11.9–17.0 mm
long, 11.9–17.1 mm wide. Ventral valve conical, apex
from slightly eccentric to strongly eccentric (at one-third
of shell posterior), marginal area gently convex and
with some parts nearly ﬂat; pedicle track narrow and
shallow, tapering near posterior margin, about 2–3 mm
long; posterior slope (around pedicle track) slightly con-
cave. Dorsal valve with slightly stronger convexity,
apex slightly eccentric. Concentric lines ﬁne, interspace
about two to three times wider than lines, about eight
lines per 2 mm near anterior margin.
Discussion. This species was originally established on the
basis of one ventral valve, one conjoined shell and one
dorsal valve, with the ventral valve as the holotype (Liao
1980a, pl. 1, ﬁgs 10, 16). We include more materials
enabling a more detailed circumscription of this species.
With a subcircular outline and biconvex valves, the
present species is similar to Orbiculoidea qieermaensis
Xu & Liu, 1983 and Orbiculoidea yangkangensis Xu &
Liu, 1983, but the latter two have costellae on their
shell surface and a short pedicle track. Additionally, the
apex in both valves of O. yangkangensis is less conical
when compared with O. nucleola. Orbiculoidea qing-
longensis Liao, 1980a readily differs from the present
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species in its gentle convexity, weak concentric lines
and short pedicle track.
Distribution. Lopingian (Late Permian); South China
(Guizhou Province).
Orbiculoidea qinglongensis Liao, 1980a (Fig. 5R)
1980a Orbiculoidea qinglongensis Liao, p. 252, pl. 1,
ﬁgs 17–19.
Material. A ventral internal mould (LZ0700187).
Diagnosis. Medium size for the genus, subcircular in
outline; ventral valve gently convex; apex eccentric,
marginal area ﬂat; pedicle track short and narrow.
Description. Medium size for Orbiculoidea, subcircular
in outline, 11.3 mm long, 11.4 mm wide. Ventral valve
gently convex, apex eccentric, marginal area ﬂat; pedi-
cle track short and narrow, not extending to posterior
margin, about 2 mm long, posterior slope (around pedi-
cle track) straight or slightly convex. Concentric lines
ﬁne and weak, about 10 lines per 2 mm near anterior
margin, separated by interspaces two or three times
wider than lines.
Discussion. Orbiculoidea qinglongensis is similar to O.
tobaensis Jin & Sun, 1981 in its subcircular outline and
gently convex ventral valve, but the latter has a less
eccentric ventral valve and less dense concentric lines.
Distribution. Lopingian (Late Permian); South China
(Guizhou Province).
Orbiculoidea yangkangensis Xu & Liu, 1983
(Fig. 6D)
1983 Orbiculoidea yangkangensis Xu & Liu, p. 84, pl.
1, ﬁgs 1a–h.
Material. A dorsal internal mould (LZ0300207).
Description. Medium size for genus, circular or subcir-
cular in outline, 16.5 mm long and 16.2 mm wide. Dor-
sal valve strongly convex, conical, apex eccentric, at
about one-third of shell posterior. Shell surface with ﬁne
concentric lines, stronger around apex; costellae weak
and intermittent.
Discussion. Xu & Liu (1983) characterized the species
as: subcircular outline, unequally biconvex; ventral apex
subcentral; pedicle track linear and shorter than one-
fourth of shell length; dorsal apex eccentric, dorsal inte-
rior with thin ridge, about one-fourth of shell length;
shell surface with ﬁne concentric lines and uneven co-
stellae. Though there is only one specimen available for
study, the dorsal valve is strongly convex and shows
weak costellae, both similar to O. yangkangensis, and
unlike any other Orbiculoidea species described here.
Distribution. Lopingian (Late Permian) to Middle
Triassic; South China (Guizhou Province) and north-
western China (Qinghai Province).
Orbiculoidea sp. cf. O. elegans Liao, 1980a (Fig. 6E–H)
Material. A dorsal external mould (LZ1200184), two
ventral internal moulds (LZ1200610, LZ1200607) and a
ventral external mould (LZ1200619).
Description. Medium size for genus, elliptical in out-
line, 10.3–10.5 mm long and 8.5–8.8 mm wide. Ventral
valve very low conical, apex eccentric, at about one-
third of posterior shell, other shell part slightly convex
and marginal area nearly ﬂat; pedicle track wide and
shallow, slightly narrowing posteriorly to marginal area;
posterior slope (around pedicle track) straight or slightly
convex. Dorsal valve slightly convex, apex eccentric, at
one-third of posterior shell. Shell surface with ﬁne con-
centric lines.
Discussion. With an elliptical outline, the present
species resembles Orbiculoidea anhuiensis Jin & Hu,
1978 and Orbiculoidea platymitraformis Liang, 1990,
but O. anhuiensis has a shorter pedicle track, and O.
platymitraformis possesses a strongly convex dorsal
valve and linear pedicle track. The slight convexity,
eccentric apex and a long pedicle track of the present
material suggests a close relationship with O. elegans
Liao, 1980a, from which they may be distinguished by
their elliptical outline and relatively wider pedicle track
(especially in the shell posterior). It is possible that the
Zhongzhai material may represent a new species, but
certainty is lacking owing to limited material available
to characterize it in full. On the other hand, considering
its close similarity with Orbiculoidea elegans, we
assign this species to Orbiculoidea sp. cf. O. elegans.
Distribution. Changhsingian; Zhongzhai section.
Orbiculoidea liaoi sp. nov. (Figs 5P, Q, T, U; 6A)
1978 Orbiculoidea minor Liao (MS); Feng & Jiang,
p. 232, pl. 85, ﬁg. 1.
Remarks. The name O. minor was ﬁrst proposed by
Liao in an unpublished manuscript and the year of this
manuscript was unclear (Feng & Jiang 1978, p. 232).
Feng & Jiang (1978, p. 232, pl. 85, ﬁg. 1) subsequently
ﬁgured and brieﬂy described a specimen under this
name and attributed the author of this species to Liao.
Therefore, according to the International Code of Zoo-
logical Nomenclature (ICZN) Article 13.1 (Ride et al.
1999, p. 17), Orbiculoidea minor should be regarded as
an invalid name. Consequently, we rename the species
as Orbiculoidea liaoi.
Holotype. A ventral valve (LZ2701198; Fig. 4P, Q).
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Material. Three dorsal valves (LZ2702614, LZ2702628,
LZ2705200).
Etymology. Named after Professor Zhuoting Liao, in a
tribute to his outstanding contributions to the study of
Late Permian Brachiopoda of South China.
Diagnosis. Very small for genus, circular or subcircular
in outline, gently convex; ventral valve slightly eccen-
tric, pedicle track wide and shallow, extending to pos-
terior margin, concentric lines weak or obscure.
Description. Very small for Orbiculoidea, circular or
subcircular in outline, 3.1–5.9 mm long and 2.9–5.9 mm
wide, gently biconvex. Ventral valve conical, apex
slightly eccentric; pedicle track wide and shallow,
extending to posterior margin, about 2 mm long; poster-
ior slope (around pedicle track) convex. Dorsal valve
conical, apex eccentric, at one-third of shell posterior.
Shell surface with very weak or obscure concentric
lines.
Discussion. Orbiculoidea nucleola Liao, 1980a is simi-
lar to the new species in outline and convexity, but the
former is much larger and has a narrow pedicle track
and slightly concave posterior slope (around pedicle
track). Orbiculoidea elegans Liao, 1980a, O. magna
Feng & Jiang, 1978, O. qinglongensis Liao, 1980a and
O. tobaensis Jin & Sun, 1981 all resemble O. liaoi in
general outline, but O. tobaensis is much larger (Jin &
Sun 1981, p. 127, pl. 1, ﬁgs 1, 2) and its concentric
lines coarser and stronger compared with O. liaoi. The
relatively low convexity coupled with a much larger
size can easily distinguish O. magna from the present
species. Orbiculoidea elegans differs by having a
slightly convex ventral valve, and O. qinglongensis pos-
sesses a narrow and short pedicle track.
Distribution. Lopingian (Late Permian); South China
(Guizhou Province).
Orbiculoidea sp. 1 (Fig. 5S)
Material. A ventral internal mould (LZ0700186).
Description. Shell small for genus, elliptical in outline.
Ventral valve low conical, apex eccentric, marginal area
slightly convex; pedicle track wide and long, tapering
posteriorly, more than 2 mm long, posterior slope
(around pedicle track) straight or slightly convex. Shell
surface with weak and ﬁne concentric lines.
Discussion. With an elliptical outline, this single speci-
men may be compared with O. anhuiensis Jin & Hu,
1978, O. platymitraformis Liang, 1990 and Orbiculoi-
dea sp. cf. O. elegans Liao, 1980a. However, the nar-
row and short pedicle track of O. anhuiensis makes it
very distinctive from this specimen. Orbiculoidea pla-
tymitraformis has an elliptical foramen connected to a
narrow and linear pedicle track; and Orbiculoidea sp.
cf. O. elegans possesses a much lower conical ventral
valve.
Distribution. Changhsingian; Zhongzhai section.
Orbiculoidea sp. 2 (Fig. 6B, C)
Material. A dorsal internal mould (LZ1200616).
Description. Medium size for Orbiculoidea, subcircular
in outline, 11.5 mm long and 10.2 mm wide. Dorsal
valve gently convex, conical, apex eccentric, at about
one-third of shell posterior; posterior slope strongly
concave; surface with ﬁne concentric lines.
Discussion. This single dorsal internal mould is charac-
terized by its prominently concave posterior shell sur-
face, which seems to be unique among all known
species of Orbiculoidea.
Distribution. Changhsingian; Zhongzhai section.
Class STROPHOMENATA Williams, Carlson, Brunton,
Holmer & Popov, 1996
Order ORTHOTETIDA Waagen, 1884
Suborder ORTHOTETIDINA Waagen, 1884
Superfamily ORTHOTETOIDEA Waagen, 1884
Family MEEKELLIDAE Stehli, 1954
Orthothetina Schellwien, 1900
Type species. Orthotetes persicus Schellwien, 1900,
p. 8, from the Guadalupian (Middle Permian), Iran.
Discussion. With the plicate and secondary costation on
the shell surface, long and strong dental plates extend-
ing anteriorly and converging medially, Meekella White
& St. John, 1867 can be easily distinguished from Or-
thothetina. Comparisons among Orthothetina, Perigeye-
rella Wang, 1955a, Orthotetes Fischer de Waldheim,
1829, Derbyia Waagen, 1882–1885 and Schellwienella
Thomas, 1910, have been discussed in detail by Shen
& Shi (2007, pp. 19, 20), and their generic distributions
are followed here.
Distribution. Carboniferous to Permian; cosmopolitan.
Orthothetina frechi (Huang 1933) (Fig. 7A–H)
1933 Schuchertella frechi Huang, pp. 21–23, pl. 3, ﬁgs
2–6.
1978 Orthotetina ruber (Frech); Feng & Jiang, p. 238,
pl. 87, ﬁg. 9.
1980a Orthotetina frechi (Huang); Liao, pl. 2, ﬁg. 12.
2007 Orthothetina frechi (Huang); Shen & Shi, p. 24,
pl. 7, ﬁgs 25–29.
Material. Five dorsal valve internal moulds
(LZ1600350, LZ1600352, LZ0400122, LZ1200351,
LZ1200353), a dorsal valve external mould
(LZ1200356) and a ventral valve internal mould
(LZ1200354).
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Description. Medium size for genus, transversely
semicircular in outline, 15.8–20.5 mm long and 21.0–
28.6 mm wide, shell length slightly shorter than width.
Ventral valve slightly convex, umbonal region gently
convex; beak blunt and erect; hinge line straight, shorter
than maximum width at midvalve; cardinal extremities
and lateral margins rounded; anterior commissure recti-
marginate. Dorsal valve slightly convex, gently convex
on umbonal region. Shell surface with dense pits and
ﬁne costellae, costellae increasing anteriorly three times
by intercalation; 14–17 per 5 mm at anterior margin, in-
terspaces wider than costellae; concentric growth ﬁla
ﬁne and weak, about 10 per 2 mm near anterior margin.
Ventral valve interior with very short dental plates,
about 2 mm long, diverging at an angle of about 40–
50°. Brachiophore plates short and strong, wedge-
shaped, about 3 mm long, diverging at an angle of
about 100–110°.
Discussion. Orthothetina ruber (Frech 1911) and
Orthothetina eusarkos (Abich 1878) differ from the
present species in their less transverse outline (shell
length slightly shorter than width), longer and nearly
parallel dental plates. With a much smaller size (Fig. 8),
Orthothetina regularis (Huang 1933) can be easily dis-
tinguished from Orthothetina frechi. Orthothetina elli-
psoides Shen et al., 1992 is similar to the present
species in its transverse outline and size, but has coarser
costellae, and parallel and longer dental plates.
Distribution. Lopingian (Late Permian); South China
(Sichuan and Guizhou provinces).
Orthothetina regularis (Huang 1933) (Fig. 7I–W)
1933 Schellwienella regularis Huang, p. 25, pl. 3, ﬁgs
10–11.
1961 Schellwienella regularis Huang; Shimizu, p. 247,
pl. 9, ﬁgs 6–9.
1979 Lopingia regularis (Huang); Zhan in Hou et al.,
p. 66, pl. 4, ﬁgs 22, 23.
1980a Orthothetina regularis (Huang); Liao, pl. 1, ﬁgs
39–42.
1986 Orthothetina regularis (Huang); Liao & Meng, pl.
1, ﬁg. 16.
1987 Orthothetina regularis (Huang); Liao, pl. 3, ﬁgs
1–7.
1987 Orthothetina regularis (Huang); Xu in Yang
et al., pl. 7, ﬁgs 19–22, 26.
2007 Orthothetina regularis (Huang); Shen & Shi,
p. 21, pl. 6, ﬁgs 19–24.
2008 Orthothetina regularis (Huang); Li & Shen,
p. 317, ﬁg. 6.12–16.
Remarks. Huang (1933) named this species (Schellwie-
nella regularis) based on material collected from the
Longtan Formation in Guizhou Province, South China.
However, Huang’s (1933, p. 26) description of the
arched plate in the delthyrium as a ‘deltidium’ is
incorrect; the correct term for this structure should be
pseudodeltidium in view of the original description of
this structure given by Schellwien (1900, p. 7) and veri-
ﬁed by Zhan (in Hou et al. 1979, pp. 64, 65) and Liang
(1990, pp. 131–133). In this regard, it should be noted
that Huang’s (1933, p. 24) use of ‘deltidium’ in describ-
ing Schellwienella acutangula Huang, 1933 [= Ortho-
thetina acutangula (Huang, 1933)] was also incorrect.
Material. Three dorsal valve internal moulds
(LZ1200322, LZ1400325, LZ1400355), three dorsal
valve external moulds (LZ1400321, LZ1400324,
LZ0400326), four ventral valve internal moulds
(LZ0400329, LZ0400330, LZ1600331, LZ1200629)
and two ventral valve external moulds (LZ1400327,
LZ1400328).
Description. Small size for genus, slightly transversely
semicircular outline, greatest shell width at midvalve,
shell length (4.2–8.7 mm) shorter than shell width (5.2–
12.1 mm). Ventral valve marginal area slightly or gently
convex, umbonal region strongly convex; beak blunt
and erect; interarea high and triangular, delthyrium
large, of nearly equilateral triangle shape, pseudodeltidi-
um arched (Fig. 7W); hinge line nearly straight, shorter
than maximum shell width; cardinal extremities and lat-
eral margins rounded; anterior commissure rectimargi-
nate. Dorsal valve slightly convex or nearly ﬂat. Shell
surface with ﬁne costellae, intercalating once or twice
anteriorly, 5–8 costellae per 2 mm at anterior margin,
interspaces wider than costellae; concentric ﬁla ﬁne and
weak, around 10 per 2 mm near anterior margin.
Ventral interior with very short dental plates, about
1 mm long (about one-sixth of shell length), nearly par-
allel, slightly diverging at an angle of 20°. Dorsal valve
interior with short but strong brachiophore plates,
wedge-shaped, each about 1.5 mm long, diverging at an
angle of about 100–120° (Fig. 7J, L, V).
Discussion. The present species can be easily differenti-
ated from Orthothetina ruber (Frech, 1911) and Ortho-
thetina provecta Liao, 1980a as the latter two have a
much larger size, less transverse outline and longer den-
tal plates. Orthothetina provecta can be further distin-
guished by its more divergent dental plates (with a
divergence angle of 30°).
Distribution. Lopingian (Late Permian); South China
(Sichuan, Chongqing, Guizhou, Hunan, Zhejiang, Fuj-
ian, Guangdong and Guangxi provinces).
Class RHYNCHONELLATA Williams, Carlson,
Brunton, Holmer & Popov, 1996
Order ORTHIDA Schuchert & Cooper, 1932
Suborder DALMANELLIDINA Moore, 1952
Superfamily ENTELETOIDEA Waagen, 1884
Family SCHIZOPHORIIDAE Schuchert & LeVene,
1929
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Acosarina Cooper & Grant, 1969
Type species. Acosarina dorsisulcata Cooper & Grant,
1969, p. 2, pl. 5, ﬁgs 19–23 [=Acosarina minuta (Ab-
ich, 1878)]; Middle Permian, west Texas, United States.
Discussion. In comparison with Acosarina, Schizopho-
ria King, 1850, Orthotichia Hall & Clarke, 1892 and
Dalmanella Hall & Clarke, 1892 all have strong teeth,
a higher and shorter medium plate, and a weakly unipli-
cate anterior commissure. Rhipidomella Oehlert, 1890
can be easily differentiated from Acosarina by its com-
paratively short ventral median septum, a narrower
hinge and weakly developed palintropes in both valves.
In comparing Sunacosarina with Acosarina, Liang
(1990) stated that the former has a shorter and higher
median septum in the ventral valve, shorter dental plates
extending forward and encircling the ventral muscle
ﬁeld, ﬂabellate ventral muscle ﬁeld and thick cardinal
process. However, the characteristic of the dental plates
is a highly variable feature within several genera of the
Schizophoriidae Shuchert & LeVene, 1929, including
Schizophoria, Orthotichia, Dalmanella and Acosarina,
as noted by Williams et al. (2000). Similarly, the length
and strength of the ventral median septum in Acosarina
also vary considerably, from half of the shell length to
nearly the full shell length (Shen & Shi 2007). Acosari-
na is also known to possess a thick cardinal process
(Cooper & Grant 1969). Thus, it appears untenable to
distinguish Sunacosarina from Acosarina on the basis
of the variability of the ventral dental plates, median
septum and the cardinal process, hence raising the pos-
sibility that Sunacosarina Liang, 1990 may be a junior
synonym of Acosarina Cooper & Grant, 1969.
Distribution. Pennsylvanian (Late Carboniferous) to
Early Triassic; China, Pakistan, Thailand, Transcaucasia,
United States.
Acosarina minuta (Abich 1878) (Figs 7X–AC; 9A–D)
1878 Streptorhynchus peregrinus var. minutus Abich,
p. 78, pl. 10, ﬁg. 1.
1884 Orthis indica Waagen, pp. 568–570, pl. 56, ﬁgs 8,
14–16.
1911 Dalmanella indica (Waagen); Frech, p. 120, pl.
18, ﬁg. 1.
1922 Dalmanella indica (Waagen); Hayasaka, p. 76, pl.
4, ﬁg. 3.
1931 Schizophoria indica (Waagen); Ozaki, pp. 167–
169, pl. 15, ﬁg. 13.
1962 Orthotichia indica (Waagen); Zhan & Li, pp. 473,
474, pl. 1, ﬁgs 1–2.
1964 Schizophoria indica (Waagen); Wang et al.,
pp. 134, 135, pl. 16, ﬁgs 24, 25, 28.
1969 Acosarina dorsisulcata Cooper & Grant, p. 2, pl.
5, ﬁgs 19–23.
1976 Acosarina dorsisulcata Cooper & Grant,
pp. 2621, 2662, pl. 667, ﬁgs 1–26.
1978 Acosarina dorsisulcata Cooper & Grant; Feng &
Jiang, p. 235, pl. 85, ﬁg. 10.
1978 Orthotichia indica (Waagen); Tong, p. 211, pl. 27,
ﬁg. 3.
1979 Acosarina indica (Waagen); Jin et al., p. 74, pl.
36, ﬁgs 6–9.
1982 Acosarina indica (Waagen); Liu et al., pl. 125,
ﬁg. 7.
1982 Acosarina indica (Waagen); Wang et al., p. 190,
pl. 80, ﬁg. 7.
1982 Acosarina minuta (Abich); Wang et al., p. 190,
pl. 96, ﬁgs 4, 5, 27.
1984 Acosarina indica (Waagen); Yang, pl. 29, ﬁg. 10.
1988 Acosarina sp.; Yanagida, pl. 29, ﬁgs 1–12.
1990 Acosarina indica (Waagen); Liang, pp. 354, 355,
pl. 1, ﬁgs 6–10.
1990 Acosarina indica (Waagen); Zhu, p. 62, pl. 9, ﬁgs
5–7.
1993 Kotlaia capilosa Grant, p. 5, ﬁgs 4.1–4.6.
1998 Acosarina minuta (Abich); Shi & Shen, pp. 506,
507, ﬁgs 3.5–3.11.
1999 Acosarina kanmerai Yanagida & Nakornsri,
p. 111, pl. 26, ﬁgs 1–7.
2007 Acosarina minuta (Abich); Shen & Shi, pp. 39,
40, pl. 14, ﬁgs 27–38, pl. 15, ﬁgs 1–21.
2008 Acosarina minuta (Abich); Li & Shen, p. 318, ﬁg.
6.27–6.32.
Material. Four dorsal valve internal moulds
(LZ1400372, LZ1400374, LZ1400375, LZ1400376)
and ﬁve ventral valve internal moulds (LZ1400371,
LZ1400373, LZ1400377, LZ1400378, LZ1200379).
Remarks. Owing to the well-preversed specimens avail-
able for this study, we can provide new information for
the dorsal interior of Acosarina minuta, including the
crenulated cardinal process (which is similar to that in
Schizophoria King 1850) and muscle scars.
Description. Small to medium size for genus, subcircu-
lar in outline, nearly equally biconvex, shell width
nearly equal to length or slightly greater than length,
maximum width at midvalve, 8.5–14.1 mm long and
9.4–15.7 mm wide; anterior commissure gently or
slightly sulcate. Dorsal valve with crenulated cardinal
process (Fig. 7AC); sulcus very shallow, orignating
from umbonal region, widening anteriorly. Costellae
ﬁne, rounded in cross-section, coarser than interspace,
7–8 costellae per 2 mm at anterior margin.
Ventral valve interior with long median septum,
extending for more than half of shell length, extending
to near anterior margin in some specimens; dental plates
short and strong, convergently extending anteriorly into
low ridges. Dorsal valve interior with strong brachio-
phore plates that extend forward ﬁrst divergently, and
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then convergently as low ridges to encircle muscle area;
two pairs of prominent muscle scars, one pair small,
elongated and posterolaterally located close to brachio-
phores, another pair much larger, triangular, distributed
anteriorly at shell midwidth (Fig. 7AB).
Discussion. Waterhouse (1983) reported Acosarina ante-
sulcata (pp. 115, 116, pl. 1, ﬁgs 2–9) from the Changh-
singian Huai Tak Formation in north Thailand. This
species shares with A. minuta the characteristics of a
low ventral sulcus and a long ventral median septum,
but it can be distinguished by its acutely diverging pos-
terior margins. Kotlaia aethopa Grant, 1993 (pp. 6, 7,
ﬁgs 5.1–5.6, reassigned to Acosarina by Shen & Shi
2007, p. 38) from Khio Island (Greece) has weak dental
plates, which are fused to the shell wall, and much
more reduced brachiophores. Acosarina dorashanensis
(Sokolskaja in Ruzhentsev & Sarytcheva, 1965) shares
with A. minuta a similar biconvex proﬁle and long ven-
tral median septum, but the former differs in having a
transverse outline.
Distribution. Carboniferous to Permian; Vietnam,
Thailand, Salt Range, Armenia, Greece, west Texas,
South China (Shaanxi, Sichuan, Chongqing, Guizhou,
Hunan, Hubei, Jiangxi, Anhui, Zhejiang, Fujian and
Guangxi provinces), North China (Shanxi Province) and
northwestern China (Qinghai Province).
Orthotichia Hall & Clarke, 1892
Type species. Orthis? morganiana Derby, 1874, pp. 29–
32, pl. 3, ﬁgs 1–7, 9, 11, 34, pl. 4, ﬁgs 6, 14, 15.
Discussion. Both Orthotichia and Schizophoria King,
1850 have a long ventral median septum but, in the lat-
ter, the median septum is much stronger (thicker), and
its dental plates are shorter, converging forward as a
pair of lower ridges encircling the muscle area. These
convergent ridges do not occur in the ventral interior of
Orthis? morganiana Derby, 1874 (pl. 3, ﬁgs 6, 7, 9,
11). Both Orthotichia Hall & Clarke, 1892 and Ente-
letes Fischer de Waldheim, 1825 possess a long and
thin ventral median septum and long dental plates, but
the latter has nearly parallel or convergent dental plates,
unlike the divergent dental plates in the ventral interior
of Orthotichia.
Orthotichia sp. (Fig. 9E)
Material. A ventral valve internal mould (LZ1400367).
Description. Very small for genus, subcircular in out-
line, greatest width at midvalve, 6.2 mm long and 8 mm
wide. Ventral valve strongly convex in umbonal region,
slightly convex in marginal area; beak blunt and erect;
cardinal extremities, lateral margins and anterior mar-
gins all rounded; sulcus absent. Costellae ﬁne, orginat-
ing from umbo, increasing once anteriorly by
bifurcation, seven costellae per 2 mm at anterior margin.
Ventral valve interior with long and thin median
septum, extending anteriorly for more than half of shell
length, about 2.5 mm long; dental plates long and thin,
diverging at an angle of about 30–40°, extending
slightly beyond midvalve length, about 2.5 mm long.
Discussion. The very small size and subcircular outline
of this single specimen make it unlike any known spe-
cies of Orthotichia.
Distribution. Changhsingian; Zhongzhai section.
Family ENTELETIDAE Waagen, 1884
Peltichia Jin & Liao in Jin & Sun, 1981
Type species. Parenteletes sinensis mut. zigzag Huang,
1933, p. 13, pl. 2, ﬁg. 7a–e; Lopingian; Guizhou Prov-
ince, South China.
Discussion. The status and diagnosis of this important
Changhsingian genus have been clariﬁed and revised by
Shen et al. (1999), and this revision is followed here.
In Enteletidae Waagen, 1884, Enteletina Schuchert
& Cooper, 1931, Enteletes Fischer de Waldheim, 1825
and Parenteletes King, 1931 share very similar charac-
teristics with the present genus; therefore, the differenti-
ation of these genera needs to be clariﬁed.
Schuchert & Cooper (1931) ﬁrst proposed Enteletina
with a very brief deﬁnition, in which it was described
as ‘Externally like Parenteletes but internally like Ente-
letes’ (Schuchert & Cooper 1931, p. 247). Subse-
quently, they (Schuchert & Cooper 1932) discussed the
differences between Enteletina and Parenteletes, sug-
gesting that the former had nearly parallel or slightly
divergent dental plates that are strongly divergent in the
latter, and the ‘V-shaped camera’ is more typical in Par-
enteletes. In our view, however, the development of the
dental plates and the shape of the anterior commissure
are crucial features distinguishing these four genera.
In terms of dental plates, Enteletes has the conver-
gent type, Parenteletes possesses the divergent type, but
Enteletina and Peltichia have the subparallel type. In
regards to the anterior commissure, Enteletina and Par-
enteletes share a large ‘V-shaped camera’ pattern in the
central part, followed by several much smaller ‘V-
shaped camera’ on each side. Enteletes, on the other
hand, has several ‘V-shaped camera’ of almost similar
size, which contrasts with Peltichia, whose anterior
commissure is marked by only one ‘V-shaped camera’
in the central part with no other clear plication on either
side (i.e., the anterior commissure is W-shaped).
Peltichia zigzag (Huang 1933) (Fig. 9H, I)
1933 Parenteletes sinensis mut. zigzag Huang, p. 13, pl.
2, ﬁg. 7a–e.
1964 Enteletina sinensis mut. zigzag (Huang), Wang
et al., p. 153, pl. 20, ﬁgs 18–21.
1974 Enteletina zigzag (Huang); Jin et al., p. 313, pl.
165, ﬁgs 14–16.
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1977 Enteletina zigzag (Huang); Yang et al., p. 309, pl.
129, ﬁg. 9.
1979 Peltichia zigzag (Huang) (nomen nudum); Liao,
pl. 1, ﬁg. 28.
1980a Enteletina zigzag (Huang); Liao, pl. 1, ﬁgs 53–
55.
1980b Peltichia zigzag (Huang) (nomen nudum); Liao,
pl. 1, ﬁgs 25, 26.
1987 Enteletina zigzag (Huang); Xu in Yang et al., pl.
8, ﬁg. 11.
1994 Peltichia sinensis (Huang); Xu & Grant, p. 23,
ﬁgs 10.1–10.15.
1994 Peltichia zigzag (Huang); Xu & Grant, p. 22, ﬁgs
9.25, 9.26, 9.28–9.31.
1995 Peltichia zigzag (Huang); Zeng et al., pl. 2, ﬁgs
2–3.
1999 Peltichia zigzag (Huang); Shen et al., p. 60, ﬁgs
10.1–10.5, 10.26–10.29, 11.
Remarks. Liao (1979, pl. 1, ﬁg. 28; 1980b, pl. 1, ﬁgs
25, 26) respectively ﬁgured one specimen under Pelti-
chia zigzag, in which Peltichia was proposed as a new
genus, but with neither a description nor a discussion.
Jin & Liao (in Jin & Sun 1981, p. 129) formally pro-
posed and described this new genus. According to the
ICZN Article 13.1 (Ride et al. 1999, p. 17), Peltichia
zigzag should be treated as a nomen nudum in the
above two cases.
Material. A dorsal valve (LZ1600361).
Discussion. The overall appearance, especially the elon-
gate subtriangular outline of the specimen, suggests
assignment to Peltichia zigzag. This species can be eas-
ily distinguished from Peltichia transversus (Huang,
1933) and Peltichia kwangtungensis (Zhan in Hou
et al., 1979, pp. 62, 63, pl. 10, ﬁgs 1, 3) by its elongate
outline.
Distribution. Lopingian (Late Permian); South China
(Shaanxi, Sichuan, Chongqing, Guizhou and Hubei
provinces).
Order RHYNCHONELLIDA Kuhn, 1949
Superfamily WELLERELLOIDEA Licharew, 1956
Family PONTISIIDAE Cooper & Grant, 1976
Subfamily PONTISIINAE Cooper & Grant, 1976
Prelissorhynchia Xu & Grant, 1994
Type species. Pugnax pseudoutah Huang, 1933, pp. 64–
66, pl. 10, ﬁgs 1–8; Longtan Formation, Lopingian;
Guizhou Province, South China.
Discussion. Aspects of Prelissorhynchia have been dis-
cussed in detail by Chen & Shi (1999) and Shen & Shi
(2007). However, distinction of this genus from several
closely related genera such as Lissorhynchia Yang &
Xu, 1966, Wellerellina Shen et al., 1992 and Prel-
issorhynchia Xu & Grant, 1994 remains a challenge. In
part, the challenge has stemmed from the poor under-
standing of the dorsal internal structures of Pugnax
pseudoutah Huang, 1933, the type species in Huang’s
original description (1933, pp. 64–66), which stated: ‘In
the brachial valve two thin crural plates appear just
below the hinge margin’. But when Xu & Grant (1994)
established Prelissorhynchia, they stated: ‘Brachial
valve interior with undivided hinge plate, but hinge
plates separating socket ridges and crural bases, inner
hinge plates forming arched bridge’ (1994, p. 36). Thus,
it is unclear whether crural plates exist or not in Pugnax
pseudoutah. This is a crucial question because the pres-
ence or absence of crural plates is the main difference
between Pugnax and Prelissorhynchia. According to the
thin-sections of Prelissorhynchia pseudoutah (=Pugnax
pseudoutah) (Xu & Grant, 1994, p. 38, ﬁg. 23), this
species lacks crural plates, but does possess crural
bases. Unfortunately, Huang (1933) did not illustrate
any internal dorsal features, but he mentioned that the
crural plates were thin and appeared just below the
hinge margin. So, it is very likely that Huang (1933)
mistook crural bases for his so-called crural plates.
Lissorhynchia Yang & Xu, 1966, with type species Lis-
sorhynchia pygmaea Yang & Xu, 1966, differs from
Prelissorhynchia in possessing a very short median
ridge within the dorsal interior; they also differ in costa-
tion patterns in that Lissorhynchia has one costa in the
ventral sulcus and two on the dorsal fold, unlike Prel-
issorhynchia, which has two or more costae in the ven-
tral sulcus and three or more on the dorsal fold.
Shen et al. (1992) named Wellerellina based on Weller-
ellina chongqingensis Shen et al., 1992 as the type spe-
cies. In establishing this genus, Shen et al. observed
that Wellerellina has exactly the same inner structures
as Lissorhynchia, but Wellerellina is more costate. How-
ever, in a more recent study by Shen & Shi (2007,
pp. 56, 57), more detailed descriptions of Wellerellina
chongqingensis were provided, indicating that the med-
ian septum or ridge is completely absent. Therefore, it
is unclear how Wellerellina could be distinguished from
Prelissorhynchia if it did not have a median septum or
ridge.
Pontisia Cooper & Grant, 1969, with type species Pon-
tisia stehlii Cooper & Grant, 1969 (pp. 13, 14, pl. 4,
ﬁgs 7–10), differs from the present genus in the posses-
sion of a median ridge in the dorsal valve interior.
Distribution. Lopingian (Late Permian); South China.
Prelissorhynchia pseudoutah (Huang 1933) (Fig. 9J–U)
1933 Pugnax pseudoutah Huang, p. 64, pl. 10, ﬁgs 1–8.
1955b Pugnax pseudoutah Huang; Wang, p. 134, pl.
73, ﬁgs 13–16.
1964 Pugnax pseudoutah Huang; Wang et al., pp. 396,
397, pl. 66, ﬁgs 12–15.
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1974 Pugnax pseudoutah Huang; Jin et al., p. 312, pl.
165, ﬁgs 7–9.
1977 Pugnax pseudoutah Huang; Yang et al., p. 381,
pl. 151, ﬁgs 3a–c.
1978 Pugnax pseudoutah Huang; Feng & Jiang, p. 272,
pl. 101, ﬁgs 3a–c.
1978 Pugnax pseudoutah Huang; Tong, pp. 241, 242,
pl. 85, ﬁgs 11a–c.
1979 Pugnax pseudoutah Huang; Zhan in Hou et al.,
p. 95, pl. 13, ﬁgs 21–22.
1979 Neowellerella cf. pseudoutah (Huang); Jin et al.,
p. 105, pl. 30, ﬁgs 6–9.
1980a Neowellerella pseudoutah (Huang); Liao, pl. 7,
ﬁgs 38, 39.
1980b Neowellerella pseudoutah (Huang); Liao, pl. 1,
ﬁgs 10, 11.
1982 Neowellerella pseudoutah (Huang); Wang et al.,
p. 235, pl. 96, ﬁgs 18, 19.
1986 Neowellerella pseudoutah (Huang); Liao & Meng,
pl. 4, ﬁg. 7.
1987 Lissorhynchia pseudoutah (Liao); Xu in Yang
et al., p. 229, pl. 13, ﬁgs 15, 16, pl. 14, ﬁgs 10,
12.
1987 Neowellerella pseudoutah (Huang); Liao, pp. 108,
109, pl. 5, ﬁg. 29, pl. 8, ﬁg. 1.
1994 Prelissorhynchia pseudoutah (Huang); Xu &
Grant, p. 38, ﬁg. 22.28–22.48.
1994 Cryolexis antearcus Xu & Grant, p. 39, ﬁg. 26.1–
26.20.
1999 Prelissorhynchia pseudoutah (Huang); Chen &
Shi, pp. 20, 22, 23, ﬁg. 6A–F, H–J, L–R.
1999 Prelissorhynchia sp.; Chen & Shi, p. 23, ﬁg. 6G, K.
1999 Prelissorhynchia xui Chen & Shi, pp. 23, 25,
ﬁg. 4.
2007 Prelissorhynchia pseudoutah (Huang); Shen & Shi,
pp. 53–55, pl. 20, ﬁgs 32‒35, pl. 21, ﬁgs 1–4,
12–15, 20–23.
2007 Prelissorhynchia plena Shen & Shi, pp. 55, 56,
pl. 22, ﬁgs 1–23.
2009 Prelissorhynchia pseudoutah (Huang); Chen
et al., ﬁg. 7T–U.
Remarks. Owing to the excellent preservation of the
material, some interior structures (dental plates, outer
socket ridge, inner socket ridge, socket), previously
unkown or poorly known in this species, are illustrated
for the ﬁrst time here, especially, the denticulate hinge
teeth (Fig. 9T, U).
Material. Three dorsal valve internal moulds
(LZ2701333, LZ1400334, LZ2702335), two ventral
valve internal moulds (LZ1600336, LZ0000385) and
three conjoined-shell internal moulds (LZ2702679,
LZ2702680, LZ2702681).
Description. Medium size for genus, slightly trans-
versely ovate or elliptical in outline, maximum width at
midvalve, 6.3–8.8 mm long and 7.1–9.5 mm wide. Ven-
tral valve gently convex; sulcus wide and prominent,
originating from posterior of midvalve, widening and
deepening anteriorly, anterior commissure uniplicate.
Dorsal valve gently convex, fold gently inﬂated. Costae
strong and simple, commencing posterior of midvalve,
two costae in sulcus, three on fold, 2–3 pairs on lateral
margins.
Fig. 1. Location of the Zhongzhai section in Guizhou Province, South China.
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Ventral valve interior with denticulate hinge teeth
(see Fig. 9T, U); dental plates nearly parallel or slightly
divergent, about 1.5 mm long. Socket narrow; inner
socket ridge and outer socket ridge quite thin, along
with hinge line.
Discussion. This species is characterized by a trans-
versely oval or elliptical outline, gentle convexity and
two costae in sulcus and three costae on dorsal fold. The
combination of these features makes it unique among all
known species of this genus. Prelissorhynchia triplicata
Fig. 2. Distribution of Brachiopoda (Lingulida, Orthida, Orthotetida and Spiriferida) fossils in the Zhongzhai section.
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(Liao 1980a) from the Longtan Formation (Lopingian,
Guizhou Province) in South China, is characterized by
three costae in the sulcus and four costae on the fold.
Lissorhynchia tetraplicata Shen et al., 1992 from the
Changxing Formation (Lopingian, Chongqing City) in
South China, has four costae in the sulcus and ﬁve on
the fold. On the other hand, Lissorhynchia monoplicata
Shen et al., 1992 has only one costa in the sulcus and
two on the fold. It is notable that Shen et al. (1992) rec-
ognized distinctions of the various Lissorhynchia species
primarily on the basis of the number of costae, with
seemingly no reference to any internal structures. In this
regard, it would be more reasonable to assign Lissorhyn-
chia tetraplicata to Prelissorhynchia Xu & Grant, 1994,
and Lissorhynchia monoplicata may be a synonym of
Lissorhynchia pygmaea Yang & Xu, 1966.
Shen & Shi (2007) also studied Prelissorhynchia
pseudoutah (Huang 1933) in detail and noted that the
costae in the ventral sulcus may range from one to four
and those on the dorsal fold from two to ﬁve costae
(Shen & Shi 2007, p. 53). According to this broad deﬁ-
nition, they synonymized Prelissorhynchia pseudoutah,
Neowellerella triplicate, Lissorhynchia tetraplicata and
Lissorhynchia monoplicata with Prelissorhynchia pseu-
doutah. This revision may be valid, but does require
substantiation via a comparison of inner structures.
Until this comparative work is carried out, we prefer to
retain the original deﬁnition of P. pseudoutah as sup-
ported by Xu & Grant (1994).
Distribution. Lopingian (Late Permian) to Early Trias-
sic; South China (Sichuan, Chongqing, Guizhou, Hubei
and Zhejiang provinces).
Order ATHYRIDIDA Boucot, Johnson & Staton, 1964
Suborder ATHYRIDIDINA Boucot, Johnson & Staton,
1964
Superfamily ATHYRIDOIDEA Davidson, 1881
Family ATHYRIDIDAE Davidson, 1881
Subfamily SPIRIGERELLINAE Grunt in Ruzhentsev &
Sarytcheva, 1965
Araxathyris Grunt in Ruzhentsev & Sarytcheva, 1965
Type species. Spirigera protea Abich, 1878, pp. 52, 53.
Fig. 3. Illustrations of morphological terms for the description of Orbiculoidea species. In A, the ventral valve is the lateral view of Orbiculoidea
liaoi sp. nov.; the dorsal valve is the lateral view of the internal mould of Orbiculoidea sp. 2.
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Fig. 4. A–O, Orbiculoidea elegans Liao, 1980a; A, B, D, Dorsal valve internal moulds, LZ1200180, LZ1200182, LZ1200203; C, Dorsal valve
external mould, LZ1200191; E, J, L, Ventral valve external moulds, LZ1200625, LZ1200609, LZ1200602; F, Enlarged rectangular area in E, illus-
trating the pedicle track; G, I, K, M, N, Ventral valve internal moulds, LZ1200622, LZ1200606, LZ1200623, LZ1200621, LZ1200601; H,
Enlarged rectangular area in G, showing the pedicle track; O, A group of several O. elegans specimens, including two ventral valve internal
moulds (indicated by white arrows), one dorsal valve internal mould (indicated by black arrow) and one valve fragment, LZ1200624. P, Q, Orbic-
uloidea anhuiensis Jin & Hu, 1978; P, Ventral valve internal mould, LZ0400175; Q, Enlarged rectangular area in P, showing the pedicle track.
Scale bar = 2 mm.
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Fig. 5. A–O, Orbiculoidea nucleola Liao, 1980a; A, B, H, I, J, K, M, Dorsal valve internal moulds, LZ2701206, LZ1600208, LZ0400615,
LZ2702627, LZ1200612, LZ1200613, LZ1200617; C, G, Ventral valve internal moulds, LZ0200199, LZ1200605; D, F, N, Ventral valves,
LZ1200611, LZ2702626, LZ2703197; E, O, Enlarged rectangular areas in D, N, showing the pedicle track; L, Lateral view of dorsal valve (K). P,
Q, T, U, Orbiculoidea liaoi sp. nov.; P, Ventral valve, showing the pedicle track, LZ2701198; Q, Lateral view of ventral valve (P); T, U, Dorsal
valves, LZ2702628, LZ2702614. R, Orbiculoidea qinglongensis Liao, 1980a, ventral valve internal mould showing the pedicle track, LZ0700187.
S, Orbiculoidea sp. 1, ventral valve internal mould showing the pedicle track, LZ0700186. Scale bar = 2 mm.
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Discussion. When Grunt (in Ruzhentsev & Sarytcheva
1965) proposed Araxathyris with Spirigera protea
Abich, 1878 as the type species, she attributed the key
differences between Araxathyris and Spirigerella
Waagen, 1884 [with the type species Spirigerella derbyi
Waagen, 1884 (pp. 453–457, pl. 35, ﬁgs 4–7, 9–13; pl.
37, ﬁgs 11–13)] to include well-developed dental plates
forming the spondylium and a smaller cardinal process
in Araxathyris, unlike Spirigerella, which lacks distinct
dental plates or, which even when present, are indistinct
and buried in the shell (Williams et al. 2002, p. 1536).
Spirigerella also possesses an ‘exceedingly large’
(Waagen 1884, p. 451) cardinal process.
In 1994, Xu & Grant reviewed some South China
species of Araxathyris and Spirigerella, and discussed
the differences between these genera. Except for the
dental plates, they proposed that Araxathyris possesses
a distinct median groove that is either absent from or
indistinctive in Spirigerella. However, as observed from
our material below, this supposed distintinction is prob-
lematic as the development of a median groove appears
highly variable within both genera.
In light of the revisions carried out here, we have exam-
ined all published records of South China Spirigerella and
Araxathyris species and revised their taxonomy (Table 2).
Distribution. Permian to Triassic; North China, north-
western China, South China, Thailand, Iran, Transcau-
casus, southern Alps.
Araxathyris guizhouensis (Liao 1980a) (Fig. 9F, G)
1933 Athyris timorensis (Rothpletz); Huang, pp. 69–71,
pl. 10, ﬁgs 13–19.
1964 Athyris timorensis (Rothpletz); Wang et al.,
p. 612, pl. 120, ﬁgs 13–16.
1980a Araxathyris guizhouensis Liao, p. 268, pl. 9, ﬁgs
1–4.
1994 Spirigerella guizhouensis (Liao); Xu & Grant,
pp. 52, 54, ﬁgs 41.1–41.51, 42.
Material. Two dorsal valve internal moulds
(LZ1000357, LZ1600358).
Discussion. These two specimens, though well pre-
served in general nature, show no inner structures.
However, the parasulcate anterior commissure and shell
size of these specimens are almost identical to speci-
mens ﬁgured as A. guizhouensis by Liao (1980a) from
a nearby locality in Puding County (Fig. 1).
Distribution. Lopingian (Late Permian); South China
(Sichuan, Chongqing, Guizhou and Zhejiang provinces).
Order SPIRIFERIDA Waagen, 1884
Suborder SPIRIFERIDINA Waagen, 1884
Superfamily AMBOCOELIOIDEA George, 1931
Family AMBOCOELIIDAE George, 1931
Subfamily AMBOCOELINAE George, 1931
Fig. 6. A, Orbiculoidea liaoi sp. nov.; A, Dorsal valve, LZ2705200. B, C, Orbiculoidea sp. 2; B, Dorsal valve internal mould, LZ1200616; C,
Lateral view of dorsal valve (B). D, Orbiculoidea yangkangensis Xu & Liu, 1983, dorsal valve internal mould, LZ0300207. E–H, Orbiculoidea
sp. cf. O. elegans Liao, 1980a; E, Ventral valve external mould showing the pedicle track, LZ1200619; F, G, Ventral valve internal moulds show-
ing the pedicle track, LZ1200607, LZ1200610; H, Dorsal valve internal mould, LZ1200184. Scale bar = 2 mm.
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Fig. 7. A–H, Orthothetina frechi (Huang, 1933); A–E, Dorsal valve internal moulds showing the brachiophore plates (bp), LZ1600350,
LZ1600352, LZ0400122, LZ1200351, LZ1200353; F, Ventral valve internal mould showing the dental plates (dp), LZ1200354; G, Enlarged rect-
angular areas in F, showing the pits on the inner surface; H, Dorsal valve external mould, LZ1200356. I–W, Orthothetina regularis (Huang,
1933); I, K, M, Dorsal valve external moulds, LZ1400321, LZ1400324, LZ0400326; J, L, V, Dorsal valve internal moulds showing the brachio-
phore plates (bp), LZ1200322, LZ1400325, LZ1400355; N, Enlarged rectangular areas in M showing the concentric ﬁla; O, P, Ventral valve exter-
nal moulds, LZ1400327, LZ1400328; Q, R, T, Ventral valve internal moulds showing the dental plates, LZ0400329, LZ0400330, LZ1600331; S,
U, Posterior view of ventral internal moulds R and T showing the delthyrium; W, Part of posterior view of ventral external mould showing the
delthyrium and pesudodeltidium, LZ1200629. X–AC, Acosarina minuta (Abich, 1878); X–Z, Ventral valve internal moulds showing the dental
plates and medium septum, LZ1400371, LZ1400373, LZ1400377; AA, AB, Dorsal valve internal moulds showing the brachiophore plates and the
two pairs of muscle scars (ms), LZ1400375, LZ1400372; AC, Enlarged rectangular areas in AB showing the crenulated cardinal process in the dor-
sal valve. Scale bar = 5 mm, except G, N, W and AC.
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Orbicoelia Waterhouse & Piyasin, 1970
Type species. Orbicoelia fraterculus Waterhouse &
Piyasin, 1970 (pl. 25, ﬁgs 16–26; pl. 26, ﬁgs 1–4).
Wordian; Thailand.
Remarks. When Waterhouse & Piyasin (1970, pp. 144,
145) deﬁned Orbicoelia as a new genus, they suggested
the differences between Orbicoelia and Crurithyris to
be as follows: ‘both valves of Crurithyris have a sulcus
—the most obvious difference from Orbicoelia, and the
spines of Crurithyris? lie on distinct concentric ridges’.
Additionally, Chen et al. (2006, pp. 316, 317) proposed
that ‘Orbicoelia is distinct from Crurithyris in the pos-
session of a relatively more strongly inﬂated dorsal
valve, a narrower and higher ventral interarea and more
rounded cardinal extremities’. However, with the pre-
condition of absence of a sulcus in both valves, these
differences should be used cautiously and considered
collectively, especially when the inﬂation of dorsal
valve is low (relative to ventral valve) for both genera.
As in some species of Crurithyris with very
low-inﬂation dorsal valves, the sulcus could be quite
shallow and difﬁcult to recognize, a condition that
could be mistaken for Orbicoelia.
Orbicoelia speciosa (Wang, 1955b) (Fig. 10A–I)
1955b Crurithyris speciosa Wang; p. 146, pl. 83, ﬁgs
1–4.
1956 Crurithyris speciosa Wang; pp. 389, 390, pl. 6.1,
ﬁgs 1–6.
1964 Crurithyris speciosa Wang; Wang et al., p. 546,
pl. 104, ﬁgs 13–16.
1978 Crurithyris speciosa Wang; Tong, p. 254, pl. 89,
ﬁg. 6.
1978 Crurithyris speciosa Wang; Feng & Jiang, p. 283,
pl. 102, ﬁg. 10.
1979 Crurithyris speciosa Wang; Liao, pl. 1, ﬁg. 21.
1980a Crurithyris speciosa Wang; Liao, pl. 8, ﬁgs 16, 17.
1981 Crurithyris speciosa Wang; Jin & Sun, pp. 156,
157, text-ﬁg. 17.
1994 Crurithyris speciosa Wang; Xu & Grant, p. 45,
ﬁgs 33, 34, 48–51.
2006 Crurithyris speciosa Wang; Chen et al.,
pp. 317–319, ﬁgs 9a–f, 10.
Material. A dorsal internal mould (LZ0400471), two
ventral internal moulds (LZ1400444, LZ1400452) and
three internal moulds of conjoined shells (LZ0400463,
LZ0400641, LZ2704642).
Description. Large size for Orbicoelia, elliptical or sub-
ovate outline, maximum width at midvalve, 9.0–15.1
mm long and 9.4–17.3 mm wide. Ventral valve strongly
convex; beak high, incurved, overhanging delthyrium;
interarea slightly broad, triangular, concave, delthyrium
of medium size (relative to shell size), elliptical; cardi-
nal extremities rounded; sulcus or fold absent. Dorsal
valve prominently inﬂated; sulcus or fold absent.
Dorsal interior with sphenoidal crural plates, slightly
divergent, about 1.5–2.5 mm long; median ridge varying
from indistinct to generally thin but prominent, originat-
ing from umbo, extending anteriorly for about one-
fourth to one-third of shell length; sockets narrow, deep;
inner socket ridges prominent, triangular; outer socket
ridges prominent, very narrow, extending along hinge
line.
Discussion. This species is assigned to Orbicoelia on
account of its lack of a sulcus in both valves. Crurithy-
ris huadongensis Liang, 1990 (herein revised to Orbico-
elia huadongensis) resembles the present species in
size, outline and the presence of a median ridge in the
dorsal interior, but the former has a much smaller
delthyrium. Orbicoelia fraterculus Waterhouse &
Piyasin, 1970 (pp. 145–147, pl. 25, ﬁgs 16–26; pl. 26,
ﬁgs 1–4) also has an elliptical to subovate outline
like O. speciosa, but it differs in its well-deﬁned
triangular delthyrium and lacking a median ridge. Both
O. speciosa and Crurithyris comcincta Xu in Yang
et al., 1987 (pl. 15, ﬁgs 19–22) have a gentle inﬂation,
but the latter has a transverse outline, one strong ruga
near the anterior margin of both valves and more
detached crural plates.
Distribution. Lopingian (Late Permian) to Early Triassic;
South China (Guizhou, Sichuan, Zhejiang, Anhui,
Hunan and Guangdong provinces).
Orbicoelia sp. cf. O. speciosa (Wang 1955b)
(Fig. 10L–S)
1980a Crurithyris cf. speciosa Wang; Liao, p. 265, pl.
8, ﬁg. 15.
Material. Four interior moulds of conjoined shells
(LZ0400454, LZ1400482, LZ0400483, LZ0400486).
Discussion. In external and internal characteristics, these
materials look identical to Orbicoelia speciosa
described above, but they have a ﬂat dorsal valve. In
Fig. 8. Size comparison between Orthothetina frechi (Huang, 1933)
and Orthothetina regularis (Huang, 1933).
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Fig. 9. A–D, Acosarina minuta (Abich, 1878); A, D, Ventral valve internal moulds, LZ1400378, LZ1200379; B, C, Dorsal valve internal moulds,
LZ1400374, LZ1400376. E, Orthotichia sp., ventral valve internal mould, LZ1400367; F, G, Araxathyris guizhouensis (Liao, 1980a), dorsal valve
internal moulds, LZ1000357, LZ1600358; H, I, Peltichia zigzag (Huang, 1933); H, Dorsal valve, LZ1600361; I, Lateral view of dorsal valve (H).
J–U, Prelissorhynchia pseudoutah (Huang, 1933); J, L, N, Dorsal valve internal moulds, LZ1400334, LZ2702335, LZ2701333; K, M, Ventral
valve internal moulds, LZ1600336, LZ2700385; O, P, Internal moulds of conjoined shells, LZ2702679, LZ2702680; Q, R, S, Dorsal view, lateral
view and anterior view, LZ2702681; T, Enlarged rectangular area in Q, presenting the denticulate hinge; U, Enlarged rectangular area in O show-
ing the socket (s), inner socket ridge (isr), outer socket ridge (osr), dental plates (dp) and denticulate hinge. Scale bar = 5 mm, except D, H, I, T
and U.
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this regard, these specimens are probably better identi-
ﬁed with Crurithyris than with Orbicoelia, as also dis-
cussed by Chen et al. (2006). On the other hand, the
complete absence of a sulcus or fold in either valve is
clearly characteristic of Orbicoelia. On this basis, it is
possible that these specimens, along with those ﬁgured
as Crurithyris cf. speciosa Wang by Liao (1980a,
p. 265, pl. 8, ﬁg. 15), may potentially represent a new
Fig. 10. A–I, Orbicoelia speciosa (Wang, 1955b). A, G, Ventral internal moulds, LZ1400444, LZ1400452; B, Dorsal view, presenting the delthy-
rium (del), interarea (ia), crural plates (cp) and medium ridge (mr), LZ2704642; C, Lateral view, LZ2704642; D, Ventral view, LZ2704642; E,
Dorsal internal mould, LZ0400471; F, Enlarged rectangular area in Fig. E showing the crural plates (cp), sockets (s), inner socket ridges (isr), outer
socket ridges (osr) and median ridge (mr); H, I, Internal moulds of conjoined shells showing the crural plates and median ridge, LZ0400463,
LZ0400641. J, K, Orbicoelia comcincta (Xu in Yang et al., 1987). J, Internal mould of conjoined shells showing the crural plates, LZ1600458; K,
Dorsal internal mould showing the crural plates, sockets, inner socket ridges, outer socket ridges and median ridge, LZ0400472. L–S, Orbicoelia
sp. cf. O. speciosa (Wang, 1955b), L, M, Conjoined shells internal mould, ventral view, dorsal internal mould showing the delthyrium (del), inter-
area (ia), crural plates (cp) and medium ridge (mr), LZ1400482; N–S, Internal moulds of conjoined shells, LZ0400483, LZ0400454, LZ0400486.
Scale bar = 5 mm, except F.
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transitional form between Orbicoelia and Crurithyris
but, equally, the differences may merely reﬂect some
intraspeciﬁc variation.
Distribution. Changhsingian; Zhongzhai section.
Orbicoelia comcincta (Xu in Yang et al. 1987)
(Fig. 10J, K)
1987 Crurithyris comcincta Xu; Yang et al., pp. 231,
232, pl. 15, ﬁgs 19–22.
Material. A dorsal internal mould (LZ0400472) and an
internal mould of conjoined shells (LZ1600458).
Description. Small to medium size for genus, dorsal
valve prominently inﬂated, greatest width at midvalve.
At least one strong ruga present near marginal area.
Dorsal interior with one pair of crural plates, thin, about
one-third of dorsal shell length; median ridge weak;
sockets narrow, deep; inner socket ridges prominent, tri-
angular; outer socket ridge prominent, very narrow,
along hinge line.
Discussion. The strong single ruga present near the mar-
gin of both valves appears to be a unique feature of this
species that would easily distinguish it from the other
species in Orbicoelia. The same feature was also high-
lighted by Xu (in Yang et al. 1987, pp. 231, 232) but
the ruga in their specimens is located at one-third of the
shell length of the anterior margin. However, if consid-
ering the intraspeciﬁc differences, it is still appropriate
to place them into Orbicoelia comcincta.
Distribution. Lopingian (Late Permian); South China
(Fujian and Guizhou provinces).
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